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In recent studies on transamination Green, Leloir, and Nocito (1) have 
clearly shown that the glutamic-aspartic and glutaraic-alanine systems 
involve two separate enzymes, and have prepared both in a highly purified 
state. Schlenk and Fisher (2) have purified the glutamic-aspartic trans- 
aminase by an independent procedure. After Snell (3) had postulated 
the transaminase function of pyridoxal and pyridoxamine from chemical 
analogies, and Schlenk and Snell (4) had presented excellent presumptive 
data for the function of vitamin Bg in transamination, Lichstein, Gunsalus, 
aud Umbreit (5) were able to demonstrate the function of pyridoxal 
phosphate as the coenzyme of the glutamic-aspartic transaminase of 
bacterial cells. Green et al. (1) were able to demonstrate codecarboxylase 
in the purified transaminases by means of the dopa carboxylase enzyme. 
In the bacterial studies (5) the apotransaminase was obtained both by 
resolution of the holoenzyme and by the growth technique in which apoen- 
zyme is obtained by harvesting cells from a vitamin-deficient medium 
(6). Kritzmann and Samarina (7) have shown that pyridoxal phosphate 
will reactivate the partially resolved glutamic-alanine transaminase from 
pig heart. In preliminary studies employing the apoenzyme of deficient 
bacterial cells, data were obtained (8) which agreed with Snell’s postulate 
of the mechanism of coenzyme action. 

In this study the glutamic-aspartic transaminase from pig heart has 
been completely resolved and the apoenzyme obtained in a high state of 
purity. Pyridoxal phosphate acts as the coenzyme of the resolved trans- 
aminase. 


Methods 


Green et al. (1) have devised improved methods for the study of traris- 
amination which afford more rapid assay for the enzyme activity. When- 
ever possible, their methods were used. A few alterations were necessary 
for the assay of the apoenzyme instead of the holoenzyme studied by these 
workers. 

Enzyme Assay—The formation of oxalacetic acid by the glutamic-as- 
partic transaminase was measured as follows. 


425 








426 GLUTAMIC-ASPARTIC TRANSAMINASE 


The main compartment of the Warburg cup contained 0.5 ml. of 0.2 
mM phosphate buffer, pH 7.3; enzyme; coenzyme, usually 10 y of pyridoxal 
phosphate; and water to a volume of 1.7 ml. These were incubated for 
10 minutes at 37° and the neutralized substrates added from the side arm, 
in this case 0.25 ml. each of 0.8 M L-aspartic acid and 0.4 m a-ketoglutarie 
acid. After a 10 minute reaction period, 0.5 ml. of aniline-citrate was 
added from the second side arm, and the gas evolution (from oxalacetie 
acid) read after 10 minutes. This procedure differs from the method 
of Green et al. (1) in the addition of both substrates from the side arm 
after an equilibration period. As shown below, this change was necessi- 
tated by the time required for the enzyme-coenzyme complex to reach 
maximum activity. It should be borne in mind that the assays reported 
in this paper are for the total enzyme; the holoenzyme content may be 
calculated from the per cent resolution. 

Because ammonium sulfate inhibits transaminase activity (1), all 
samples were dialyzed before assay. 

Coenzyme—Synthetic barium pyridoxal phosphate (9) was used through- 
out these studies. In some cases the barium was removed with an equiv- 
alent amount of sulfate ion and the coenzyme neutralized to pH 7 and 
preserved by drying aliquots in a lyophile apparatus. 

Enzyme Units and Purity Index—The methods of Green et al. of express- 
ing the enzyme units and the purity index were used. 1 unit of glutamic- 
aspartic transaminase is that amount of enzyme which will form oxalacetie 
acid equivalent to 100 microliters of carbon dioxide in 10 minutes at 37° 
(Green’s experiments were performed at 38°). 

The purity index is based on the light extinction at 280 muy in a | em. 
cell, divided by the enzyme units. 

Enzyme Preparation—An outline of the method of purification and reso- 
lution of the glutamic-aspartic transaminase is shown in the accompanying 
diagram. 6 kilos of frozen pig heart were ground four times through a 
fine mesh food chopper and extracted at room temperature with 4 times 
its weight of distilled water for 1 hour. The solids were removed by 
straining through cheese-cloth, were reextracted with 100 ml. of distilled 
water per 100 gm., and again removed. The combined supernatants 
were filtered through coarse paper and refiltered through Schleicher and 
Schiill No. 595 paper until clear. 30 gm. of solid ammonium sulfate per 
100 ml. were added with stirring at room temperature. The precipitate 
was allowed to settle in the refrigerator overnight and collected by filtra- 
tion. The filtrate containing the glutamic-aspartic enzyme was treated 
with an additional 40 gm. of ammonium sulfate and, after settling, the 
precipitate was collected by filtration. This precipitate was suspended 
along with the filter paper in 3 liters of distilled water at room temperature 
and stirred mechanically until the filter paper was disintegrated and the 
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Flow Sheet for Purification of Glutamic-Aspartic Transaminase 
| Ground pig heart; extract with 400 ml. H,O per 100 gm.; filter 
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precipitate dissolved. The resulting suspension was filtered with suction 
and the enzyme reprecipitated by the addition of ammonium sulfate to 
concentration of 46 gm. per 100 ml. (assuming the precipitate to be sat- 
urated with ammonium sulfate). The precipitate was removed by filtra- 
tion and the precipitate, plus the filter paper, was suspended in 250 ml, 
of distilled water; the paper was broken up by mechanical stirring and 
removed by filtration with suction. The precipitate was washed with 
100 ml. of distilled water, filtered, and the two filtrates combined. The 
combined filtrates were heated to 60° in a boiling water bath and immedi- 
ately cooled in ice water and filtered to remove the coagulum. After 
dialysis for 12 hours, further purification was accomplished by adsorption 
of impurities with tricalcium phosphate gel, the amount required to 
TaBle | 


Purification and Resolution of Glutamic-Aspartic Transaminase 


Enzyme units 


Prepara- 
tion | Steps in preparation per 100 gm Purity index Resolution 
No. | pig heart 

per cent 

1 | HO extract 22,900 0.18 5 

Supernatant, 30 gm. (NH,).SO, 4,800 0.31 57 

| Ppt., 70 gm. (NH,).SO, 4,500 0.16 73 

| Reprecipitate, 46 gm. (NH4)2SO, 5,000 0.09 99 

Heated to 60°, filtered, dialyzed 3,000 0.08 98 

| Supernatant, Ca;(PO,): gel 970 0.037 96 

Ppt., 70 gm. (NH,).SO, 940 0.016 98 

2 H,O extract 27 , 700 0.14 17 

Supernatant, 30 gm. (NH,4).5O, 19,500 0.08 59 

Ppt., 70 gm. (NH,4)250, 12,200 0.06 68 

Reprecipitate, 46 gm. (NH,4).S0, 13,400 0.06 97 


adsorb the impurities being determined in a pilot experiment. After 
the gel was added, the mixture was stirred for 30 minutes, centrifuged, 
and the supernatant decanted. The enzyme was precipitated from the 
supernatant solution with 70 gm. of ammonium sulfate per 100 ml. After 
flocculation, the precipitate was recovered by centrifugation, dissolved in 
water, and dialyzed 24 hours against distilled water. The small amount of 
precipitate which formed upon dialysis was removed by centrifugation. 
In this stage of purification the apoenzyme was more highly purified than 
the holoenzyme samples so far prepared (1, 2). 

The enzyme units recovered at each stage of purification, the percentage 
resolution of the enzyme, and its purity index are indicated in Table I. 

A second sample of enzyme was carried through enough steps of the 
purification to confirm the resolution (Table I). With this sample, how- 
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ever, the ammonium sulfate was removed from the first glutamic-aspartic 
precipitate by dialysis before reprecipitation with the 46 gm. of ammonium 
sulfate. Only about one-third of the enzyme was lost with the first 30 
gm. of ammonium sulfate precipitate, as compared to nearly three-fourths 
jost in the first experiment. Also, it should be noted that in the second 
preparation the yield of enzyme at each stage and the purity index were 
higher than in the first experiment. With these increases, one would 
predict that in the neighborhood of 10 per cent of the enzyme present in 
the first aqueous extract could have been obtained in the purified state, 
as compared to about 4 per cent in the first preparation. 

Several differences in enzyme recovery, resolution, and the purity index 
exist between the data reported in this paper and those of Green et al. 
(1) and of Schlenk and Fisher (2). 

The transaminase activity obtained in the first water extracts were 
from 23,000 to 27,000 units per 100 gm. of pig heart in the experiments 
reported here, as compared to 6000 in Green’s and about 1600 in the 
Schlenk and Fisher preparation. 

Inasmuch as Green lost 85 per cent of the enzyme in the first precipita- 
tion step and Schlenk and Fisher recovered only 5 per cent of the enzyme 
present in the acetone-dried pig heart, it seems possible that they also 
encountered resolution. This is suggested especially by the 70 per cent 
resolution of the enzyme by the time of the first precipitation (Table I). 
As pyridoxal phosphate was not available at the time their experiments 
were started, it would not be surprising if this went unnoticed. 

The purity of the preparations also differed. Green’s best preparation 
had a purity index of 0.037, Schlenk’s 0.02, and the apoenzyme reported 
here 0.016. Since a higher state of purity can be obtained with apoenzyme 
than has been possible so far with the holoenzyme, it seems possible that 
the latter either contains some apoenzyme or is contaminated with non- 
specific protein. Very probably the apoenzyme has not been obtained in 
a pure state, especially since not all of the steps which were found bene- 
ficial for the preparation of the holoenzyme have been used. 

To add still a third hypothesis for the presence of fractions with different 
electrophoretic mobilities in the purified transaminase of Green et al., it 
is suggested that the inactive fraction corresponds to the apoenzyme. 


Activity of Glutamic-Aspartic A potransaminase 
During the resolution of the glutamic-aspartic enzyme the reproduci- 
bility of the activity determinations was not as close as desirable. A 
study of the cause of this difficulty showed that it could be eliminated by 
incubating the coenzyme with the enzyme before the substrates were 
added. This appeared to be due to the time required for coenzyme- 
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enzyme complex formation. As shown in Fig. 1, the presence of aspartic 
acid, as in the usual assay, retarded the rate at which this equilibrium was 
attained. If the a-ketoglutaric acid was added first and the aspartic 
acid tipped from the side arm, the enzyme activity as estimated was still 
less. As the curve shows, the equilibrium was approximately complete 
in 10 minutes if 10 y of coenzyme were incubated with the enzyme, and 
was not complete even at the end of 40 minutes if either of the substrates 
was present during the incubation period. On the other hand, if the 
coenzyme concentration was increased to 100 y per cup, the equilibrium 
was established within 10 minutes, regardless of the order of addition of 
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the substrates. Increasing the substrate concentrations resulted in low 
assay values, especially with 10 y of coenzyme. 

In order to conserve coenzyme and because satisfactory assays could 
be obtained, the 10 minute incubation period was used with 10 y of co- 
enzyme. 

The coenzyme saturation curve for the glutamic-aspartic apotrans- 
aminase is shown in Fig. 2. The dissociation constant (Michaelis) caleu- 
lated by the Lineweaver-Burk method (10) is 1.5 & 10-*. The coenzyme 
concentration at half maximum activity is 0.75 y of pyridoxal phosphate 
per ml. The dissociation constant is comparable to the K = 2.1 X 10° 
found for the purified tryptophanase enzyme of Escherichia coli (11). 
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The dissociation constant of pyridoxal phosphate for the tyrosine de- 
carboxylase! is 1.5 K 10-8. Whether this difference is due to a difference 
in the nature of the enzymes or whether the pH affects the dissociation 
was not determined. The tyrosine decarboxylase reaction is run at pH 
5.5, the transaminase at 7.5, and the tryptophanase at 8.3. 
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SUMMARY 

The transaminase enzyme for the amino acid pair glutamic-aspartic, 
and their respective keto acids, a-ketoglutaric-oxalacetic, has been re- 
solved. 

In the process of resolution the apoenzyme has been obtained in a 
higher state of purity than that previously attained with the holoenzyme. 

Pyridoxal phosphate serves as coenzyme for this enzyme, the dissocia- 
tion constant being 1.5 &K 10-* moles per liter. 

The data presented confirm the function of pyridoxal phosphate in 
transamination, as demonstrated with the apoenzyme from bacterial 
cells and by indirect methods of analysis of purified holoenzyme from 
pig heart. 
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teports on transamination by Braunstein (1) and coworkers have dealt 
mainly with two reactions, referred to as the aspartic system and the 
glutamic system, each of which transfers an amino group to pyruvic acid 
with the formation of alanine. Transamination studies in this country, 
largely by Cohen (2), gave little evidence for the occurrence of the aspartic 
system, but the glutamic system (3) was studied and an additional enzyme, 
which catalyzes the interconversion of glutamic and aspartic acids with 
their respective keto acids, was reported. More recently, Green and 
coworkers (4) have separated and purified the glutamic-alanine and the 
glutamic-aspartic enzymes, and have thus demonstrated that two distinct 
enzymes are involved. In connection with studies of the vitamin Bs group 
(5), pyridoxal phosphate has been shown to function as the coenzyme of 
both the glutamic-aspartic (6) and the glutamic-alanine (4, 7) enzymes. 

Kritzmann (8) has partially purified the aspartic system, in Green’s 
nomenclature aspartic-alanine system, and has found that dialysis, pre- 
cipitation, or adsorption of the enzyme results in loss of activity. The 
activity was partially restored by a concentrate of boiled muscle juice 
(8) and the active agent partially purified (9). 

In view of the lack of evidence for an aspartic-alanine transaminase in 
the work of the American investigators, and as a result of the recent puri- 
fication of the glutamic-aspartic and glutamic-alanine enzymes, Green 
et al. (4) have suggested that the aspartic-alanine activity may occur 
through the combined action of these two enzymes, with either glutamic 
acid or a-ketoglutarie acid acting as a link. Glutamic acid would answer 
the description of Braunstein and Kritzmann’s coenzyme (9). 

In the attempts to demonstrate the aspartic-alanine reaction it was 
found that the activity of this system in aqueous extracts of ground pig 
heart is slight as compared to the activity of the glutamic-aspartic and 
glutamic-alanine systems. The aspartic-alanine activity can be repro- 
duced by a mixture of the purified glutamic-alanine and glutamic-aspartic 
enzymes in the presence of pyridoxal phosphate and glutamic acid, or of 
pyridoxal phosphate and heart concentrate. 


Methods 


Activity of Transaminases—Kritzmann (8) has followed the activity of 
the aspartic-alanine transaminase by measuring the formation of the 
433 
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monocarboxylic amino acid in the presence of aspartic and pyruvic acids 
as substrates. Because of greater convenience we have measured the 
oxalacetic acid formed manometrically (4). The aspartic-alanine activity 
was measured as follows. The main compartment of the Warburg flask 
contained 0.5 ml. of 0.2 m phosphate buffer, pH 7.3, 100 y of barium pyri- 
doxal phosphate, enzyme, and 0.2 ml. of heart concentrate or 1.2 mg. of 
glutamic acid in a total volume of 2.0 ml.; these were incubated for 10 
minutes, and 0.25 ml. of 0.8 m L-aspartic acid and 0.25 ml. of 0.4 M pyruvic 
acid, both adjusted to pH 7.3, were added from the side arm. The re- 
action was allowed to proceed for 90 minutes at 37° and at the end of this 
period 0.5 ml. of aniline-citrate was added from the second side arm. 
After a 10 minute period the carbon dioxide, released from the oxalacetic 
acid, was measured. 

The glutamic-aspartic activity of the enzyme preparations was meas- 
ured by the method of Green et al. (4), as modified by O’Kane and Gun- 
salus (10). 

The concentration of the glutamic-alanine enzyme was determined by 
following the formation of pyruvic acid with the salicylaldehyde method, 
as used by Green et al. (4). 

Coenzymes—Barium pyridoxal phosphate was used to reactivate the 
system, especially after the first precipitation steps in which the glutamic- 
aspartic system had become resolved (10). 

Braunstein and Kritzmann’s coenzyme (9), boiled muscle juice con- 
centrate, was prepared as follows: 300 gm. of finely ground defatted pig 
heart were mixed with an equal weight of water in a Waring blendor for 
1 hour at room temperature. This finely ground tissue was heated in a 
boiling water bath until the temperature of the suspension reached 90° 
and was held for 5 minutes. The coagulum was removed by filtration 
with a Biichner funnel to yield 350 ml. of filtrate. The filtrate was chilled, 
the fat removed, and the clear supernatant concentrated in vacwo at 
around 50° to a volume of 60 ml. 0.2 ml. of this concentrate was equiva- 
lent to 1.0 gm. of ground tissue. An assay of this preparation for pyri- 
doxal phosphate, with the tyrosine decarboxylase apoenzyme (11), showed 
44 my of barium pyridoxal phosphate activity per 0.2 ml. (per gm. of 
tissue). 

The boiled heart concentrate was also analyzed for glutamic acid, with 
an acetone-dried preparation of Escherichia coli (12) which contained 
only glutamic acid decarboxylase. 0.2 ml. of the heart concentrate con- 
tained 180 microliters (1.2 mg.) of glutamic acid. 

Extraction of Transaminases by Method of Kritzmann—830 gm. of de- 
fatted frozen pig heart were ground through a fine mesh food chopper 
five times. The minced muscle was suspended in 830 ml. of distilled 
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water and allowed to stand in the refrigerator for 3 hours with occasional 
stirring. ‘The suspension was then divided into two portions. One por- 
tion was centrifuged to remove the solids and the supernatant was 
decanted. Both preparations were autolyzed at 37° and the aspartic- 
alanine activity determined with and without the addition of heart con- 
centrate. 

This method of preparation yields much more concentrated extracts 
than do those employed by other workers. Cohen’s (3) method for pre- 
paring the transaminases involves several washings of the ground tissue, 
followed by extraction of the enzymes with 5 volumes of 1 per cent po- 
tassium bicarbonate; the method of Green et al. (4) employs 4 volumes of 
water for extraction. 


TaBLeE I 
Comparative Transaminase Activity of Water Extract of Ground Heart Muscle 


Conditions as described for each system in ‘“‘Methods;”’ enzyme, the supernatant 
from extraction of ground tissue with equal weight of water. 














Substrate | —— used, —— patie — i 

Aspartate, a-ketoglutarate | 0.01 107 52 

+ 10 y pyridoxal phosphate | 200 97 
Aspartate, pyruvate* | 0.5 0.46 0.22 

+10 y pyridoxal phosphate | 0.66 0.32 

+ Heart concentrate | 0.58 0.28 

+10 y pyridoxal phosphate | | 1.32 0.64 

and heart concentrate 

Glutamate, pyruvate 0.01 19 9.3 





* Units expressed as 100 microliters of CO; per 10 minutes; assay run 90 minutes. 


EXPERIMENTAL 


The activity of the supernatant from the aqueous extract of ground 
pig heart muscle for the three transaminase systems is compared in Table 
I. It should be noted that 0.01 ml. of the aqueous extract is sufficient 
for the assay of glutamic-aspartic and glutamic-alanine enzymes, whereas 
0.5 ml. is required for the aspartic-alanine assay. In addition, a 10 minute 
incubation period is sufficient for the former, whereas a 90 minute period 
is required with the latter to detect activity. As indicated in Table I, 
the aspartic-alanine activity is only about 0.5 per cent that of the glutamic- 
aspartic and 2 per cent of the glutamic-alanine activity. 

Kritzmann (8) has suggested that the aspartic-alanine enzyme activity 
may be increased by autolyzing the ground tissue suspension for several 
days at 0°, or for several hours at 37°. The results of such treatment and 
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the influence of the Braunstein and Kritzmann heart concentrate are 
shown in Table II. Autolysis of the ground pulp for 27 hours at 37° re- 
sulted in almost twice the activity of the freshly ground tissue; the autol- 
ysis largely replaced the effect of the boiled tissue concentrate. Incuba- 
tion of the extract, obtained after removing the pulp, did not result in 
increased activity (Table II). Dialysis reduced the activity by about 
one-half, full activity being restored by the addition of the heart con- 
centrate. 
Separation of the enzymes was accomplished by ammonium sulfate 
precipitation. The tissue suspensions were autolyzed, the pulp removed, 
and the filtrate heated to 56° to precipitate inert proteins. The trans- 
aminase activity of the three systems is shown in Table III. It may be 
seen that better than 50:1 separation of the glutamic-aspartic from the 


TABLE 11 
Influence of Autolysis at 37° on Aspartic-Alanine Transaminase Activity 
Conditions as described under ‘‘Methods;’’ enzyme, 0.5 ml. of the tissue filtrate. 


Oxalacetate formed per 90 min 


Autolysis at 37” 0 hr. 7 hrs. 19 hrs. 27 hrs 
microliters microliters microliters microliters 
Tissue brei 230 313 398 422 
, + heart concen 364 395 447 451 
trate 

Extract (pulp removed) 232 172 170 175 
+ heart concentrate 331 323 317 317 

after dialysis 100 

+ heart concentrate 300 


glutamic-alanine systems was obtained by the third precipitation, whereas 
traces of aspartic-alanine activity existed in both fractions. Heart con- 
centrate always increased the aspartic-alanine activity, and pyridoxal 
phosphate was necessary for the glutamic-aspartic enzyme. The glutamic- 
alanine enzyme was not resolved, ¢.e. addition of pyridoxal phosphate or 
heart concentrate did not influence its activity. After the first precipita- 
tion both heart concentrate and pyridoxal phosphate were required for 
maximum aspartic-alanine activity. 

In further attempts to purify the aspartic-alanine system and to separate 
it from the two enzymes described by Green, it was found that traces of 
activity followed both fractions, with a larger amount occurring in the 
glutamic-aspartic fraction. Since the purified glutamic-alanine and 
glutamic-aspartic enzymes had been prepared for other experiments, this 
fractionation was not carried further. 
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| TaBLeE III 






































wre ration ad : oa 
| Fractionation of Transaminase Activity 
re. : rae eee rmale - 
ol- Total units 
a- Gluta- 
. ' Glutamic-aspartic Aspartic-alanine mic- 
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tically inactive. Heart concentrate or glutamic acid hardly affected 
activity but pyridoxal phosphate did stimulate 10-fold, that is to the 
formation of 50 microliters of oxalacetic acid per 90 minutes. In a com- 
parable period this concentration of enzyme on its own substrates, aspartic 
and a-ketoglutaric acids, would form approximately 65,000 microliters 
of oxalacetic acid. Thus the slight activity on aspartic and pyruvic 
acids may indicate slight catalytic activity of the enzyme for this 
pair, though it is less than 0.001 the activity found on its own sub- 
strates. The activity, when these two enzymes were mixed in equal 
proportions, is shown in the last series of columns in Fig. 1. About 50 
microliters of activity are obtained in the presence of coenzyme, as was 
the case with the glutamic-aspartic enzyme alone. However, the addition 
of 1.2 mg. of glutamic acid resulted in the formation of 300 microliters of 
oxalacetic acid. With 0.2 ml. of heart concentrate (shown to contain 
1.2 mg. of glutamic acid) the activity amounted to 100 microliters (Fig. 1). 

The levels of heart concentrate and of glutamic acid are limiting in the 
experiments shown in Fig. 1. Further additions of glutamic acid increased 
the activity; additional glutamic acid would be expected to increase the 
activity until the level required for saturation of the glutamic-alanine 
enzyme was reached. In the presence of glutamic acid, the addition of 
the heart concentrate depressed the activity somewhat. The reason for 
this is not clear, but may possibly be due to the presence of other amino 
acids in the heart concentrate, especially since alanine acts in a similar 
manner. Increased concentrations of the glutamic-alanine enzyme gave 
more activity, whereas further additions of glutamic-aspartic enzyme had 
little effect. This would appear to be due to a limiting concentration 
of a-ketoglutarie acid in the early stages of the reaction. 

The aspartic-alanine activity of the tissue extract is replaced quantita- 
tively by mixing the purified glutamic-aspartic and glutamic-alanine en- 
zymes. It is the relatively low activity of the aspartic-alanine system 
which would appear to account for the difference in the views of the Rus- 
sian and American workers with this enzyme. 


SUMMARY 

Concentrated aqueous extracts of ground pig heart catalyze trans- 
amination between aspartic and pyruvic acids, as described by Kritzmann. 
Autolvysis of the ground tissue, or the addition of boiled tissue concentrate, 
stimulates the reaction. 

Ammonium sulfate fractionation, as used for the separation of the 
glutamic-alanine and glutamic-aspartie transaminases, results in a loss of 
aspartic-alanine transaminase activity, the activity being restored by 
recombination of the glutamic-alanine and glutamic-aspartic enzymes. 
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The activity obtained by mixing the purified enzymes is of the same order 
of magnitude as the aspartic-alanine activity of the tissue extracts. 

For activity with the purified enzymes, pyridoxal phosphate and boiled 
| tissue concentrates are required. The tissue concentrate has been shown 
' to contain glutamic acid and may be replaced by this amino acid. 

From these data it is concluded that the aspartic-alanine transaminase 
} isan artifact, as suggested by Green et al. 
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The development of rancidity and the disappearance of the pink color 
of stored pork are serious problems in the meat industry. The rancid meat 
has an unpleasant odor and flavor. Also the rancid fat is mildly toxie and 
destroys food accessories such as vitamin A, carotene, vitamin E, vitamin D, 
pantothenic acid, pyridoxine, and biotin (1). The development of rancidity 
is due to the oxidation of unsaturated fatty acids in the pork (2). The 
disappearance of the pink color is due to the decomposition of hemoglobin 
(3). The two reactions are correlated. Rancidification is accompanied 
by the transformation of the original pink color of pork to gray or brownish 
gray (4). 

Lea (5) demonstrated the presence in pork muscle of a lipoxidase capable 
of accelerating peroxidation of unsaturated fatty acids of pork fat. The 
enzyme was heat-labile and its activity was influenced by the pH of the 
medium, falling off from high values below pH 5.3 to zero activity at pH 7. 
No further work has been reported on identification of this enzyme. 

The lipoxidase activity of iron porphyrins has been established in- 
dependently by a number of workers (6-10). Robinson (6) demonstrated 
a marked acceleration of oxygen uptake by linseed oil in the presence of 
hemoglobin, methemoglobin, and hemin, but no acceleration by iron-free 
hematoporphyrin. Haurowitz and coworkers (7) showed that peroxida- 
tion of unsaturated fatty acids by hemins was accompanied by destruction 
of the hemin molecule with loss of color. Since pork contains both hemo- 
globin and the closely related myoglobin, it might be assumed that the 
lipoxidase activity of pork muscle juice could be ascribed to its content of 
these hemin compounds. Rancidification and accompanying discoloration 
of raw pork (4) could be explained on the same basis. 

However, little positive evidence exists for the identity of hemoglobin 
(or myoglobin) and pork lipoxidase. There are no comparisons of the 

* Published as Scientific Paper No. 724, College of Agriculture and Agricultural 
Experiment Stations, Institute of Agricultural Sciences, State College of Washington, 
Pullman, Washington. Taken from a thesis presented by Da-Hwei Peng as partial 
fulfilment of the requirements for the degree of Master of Science, State College of 
Washington, 1947. 

t Present address, Syracuse University, Syracuse, New York. 
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relative activity of the two under similar conditions. Whereas pork musele 
juice showed no catalytic effect at pH 7, hemoglobin was very active at this 
as well as lower pH values (7, 8). Unlike other oxidations catalyzed by 
iron porphyrins, the lipoxidase activity of hemoglobin was not inhibited 
by evanide (6, 9); no work has been reported on the effect of cyanide on 
pork lipoxidase. The lipoxidase activity of pork muscle juice was destroyed 
by heat, but evidence is lacking on the behavior of hemoglobin at compar- 
able temperatures. 

The main objective of this paper was to secure evidence for the identity 
or non-identity of hemoglobin and pork lipoxidase by comparing their 
effects on the oxidation of lard with respect to magnitude of their catalytic 
activities at identical hemoglobin concentrations, effect of pI1, temperature 
of heat inactivation, effect of concentration, and cyanide effect. 

Since oxidation of unsaturated fats brought about by the lipoxidase ob- 
tained from various plant sources (11) was accompanied by an induced 
oxidation of carotene, data were also obtained on the disappearance of 
carotene during peroxidation brought about by hemoglobin and muscle 


t) 


extract 


Methods 


The general procedure adopted consisted of mixing the prepared hemo- 
globin or muscle extracts with lard containing carotene, spreading the mix- 
ture in thin layers, and following oxidation both by disappearance of 
carotene and by increase in peroxide number. The carotene was useful 
as an indication of early stages of oxidation, but was completely bleached at 
later stages. 

Light and temperature are two important external factors which in- 
fluence the oxidation of unsaturated fat. Since most of the experiments 
were carried out without standardization of light and temperature, peroxide 
numbers were comparable only within a given experiment in which all 
variations were held under identical conditions. 

Preparation of Muscle Extract—Muscle extract was prepared by whirling 
100 gm. of lean pork' with 175 ml. of distilled water in a blendor for 5 
minutes and filtering through No. 2 Whatman filter paper. To determine 
the approximate hemoglobin content, 2 ml. of filtrate were diluted to 10 
ml. with 0.9 per cent NaCl (to prevent the turbidity which develops upon 
dilution with distilled water) and read in an Evelyn photoelectric colorim- 
eter (Filter 540) with a blank tube containing 0.9 per cent NaCl for the 
adjustment of the colorimeter. “Hemoglobin” per 100 ml. of muscle 
extract = 100 L/K, where L = 2 log G (G = galvanometer reading) and 

1 Lean pork and hog blood were obtained from the Department of Animal Hus- 
bandry through the courtesy of Mr. FE. A. Kline. 
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K = 258 (12). Obviously, both hemoglobin and myoglobin, as well as 
small amounts of cytochrome in the muscle extract, contribute to the 
colorimeter reading. No work has been reported on the lipoxidase 
activity of pure myoglobin solutions, but if we consider its similarity to 
hemoglobin in structure (13) and the general lipoxidase activity of all 
hemochromogens so far studied, it seems likely that myoglobin would 
resemble hemoglobin in this respect. 

Preparation of Hemoglobin Solution—Hog blood defibrinated by whipping 
with glass rods was centrifuged and the serum was poured off. The red 
blood cells were washed three times with at least 10 volumes of physiological 
saline. The cells were then laked in 10 parts of distilled water, placed in 
test-tubes, frozen, and stored at —17° until ready for use. After thawing, 
the solution was filtered and diluted with distilled water to the same 
colorimeter reading as the prepared muscle extract. Final dilutions repre- 
sented 100 to 250 parts of water to 1 part of red blood cells. 

Carotene-Lard Mixture—Lard was purchased from a local market. 1 
part of crystalline carotene (90 per cent 8-carotene) was mixed with 1000 
parts of lard. The mixture was warmed to 50° and filtered. 1 part of this 
concentrated carotene-lard filtrate was added to 10 parts of lard. Thus 
the final mixture contained approximately 0.01 per cent carotene. 

Addition of Muscle Extract or Hemoglobin to Lard—Phosphate buffer 
solutions were used to adjust the pH values of muscle extract and hemo- 
globin solutions. 1 part of the prepared muscle extract or the hemoglobin 
solution was diluted with 1 part of phosphate buffer (0.2 m) and 1 part of 
distilled water. The pH of the mixed solution was determined by the 
Beckman pH meter. Then 1.5 ml. of the adjusted solution were pipetted 
into 10 gm. of the carotene-lard mixture. After thorough mixing, 2.5 
gm. portions of the emulsion were spread on pieces of No. 2 Whatman filter 
paper (7 cm.). The papers were exposed at room temperature under 
diffuse daylight from a north window. 

Carotene and Peroxide Determinations—At appropriate intervals the 
filter papers spread with fat were cut into small pieces, quantitatively ex- 
tracted with carbon tetrachloride, and filtered into 25 ml. volumetric 
flasks. The filter paper was washed thoroughly with small portions of 
carbon tetrachloride and the filtrate made up to 25 ml., mixed, and analyzed 
as follows. 

A 10 ml. aliquot of the filtrate was pipetted into a colorimeter tube for 
the determination of carotene in the Evelyn photoelectric colorimeter 
(Filter 420). Carotene contents of the original and peroxidized lard mix- 
tures were calculated from a standard carotene curve. 

A second aliquot was pipetted into a moisture dish and evaporated in an 
air oven to determine the fat content. 
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A portion of filtrate containing approximately 0.5 gm. of fat was then 
used for the determination of the peroxide number by a slight modification 
of the Wheeler method (14). The peroxide number was expressed as mm of 
peroxide per 1000 gm. of fat. 

Phosphate Buffer Blank—Peroxide numbers were also run on a series of 
phosphate buffer-lard mixtures at various pH values in order to correct 
values obtained with muscle extract or hemoglobin. The phosphate buffer 
blanks were made by mixing 10 gm. of the carotene-lard mixture and 1.5 
ml. of diluted phosphate buffer solution (1 part of 0.2 m phosphate buffer 
and 2 parts of distilled water). The mixture was treated in the same man- 
ner as the lard with added muscle extract or hemoglobin solution. 
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Fic. 1. Peroxide number of lard-phosphate buffer mixture after 72 hours. The 
horizontal line indicates the peroxide number of the distilled water-lard mixture. 


Results 


Effect of Phosphate Buffers on Oxidation of Lard—Phosphate inhibited 
lard oxidation at low pH values, but the inhibitory effect was rapidly lost 
at pH values above 6.5 (Fig. 1). Similar results were reported by Lea 
(15). 

Catalytic Effect of Muscle Extract and Hemoglobin on Oxidation of Lard 
at Various pH Values—Preliminary experiments on muscle extract and 
hemoglobin solutions carried out at the original pH of these solutions (ap- 
proximately 5.8 for muscle extract and 7.0 for hemoglobin) without added 
buffer showed a marked catalytic effect on the oxidation of lard in both 
cases. The hemoglobin caused more rapid oxidation than the muscle ex- 
tract in all cases, but, since the concentration of hemoglobin was not ad- 
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justed to that of the muscle extract, part at least of the observed differences 
were undoubtedly due to concentration differences. 

The addition of phosphate buffer (pH 5.8) to a muscle extract at the same 
original pH reduced the rate of oxidation over that obtained from the same 
concentration of muscle extract alone. Approximately the same inhibition 
was obtained with lard-phosphate systems at this pH (see Fig. 1). 

Fig. 2 shows the effect of pH on the lipoxidase activity of muscle extract 
in phosphate buffers. The peroxide numbers of the buffer-lard control 
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Fic. 2. Effect of pH on oxidation of muscle extract-lard combinations at various 
time intervals. Curve A, 68 hours; Curve C, 141 hours; Curve B, the average of re- 
sults at four time intervals. 





at each pH were subtracted from the muscle extract values before plotting. 
The “hemoglobin” content of the muscle extract was 0.137 gm. per 100 ml. 
The peroxide numbers were determined at several intervals (68, 114, 141, 
and 164 hours). The average values of the four determinations of peroxide 
number were calculated and plotted as a function of pH. 

The catalytic effect of muscle extract was greatly influenced by the pH. 
The accelerating effect of acid in the pH range of 5 to 7 was similar to that 
reported by Lea (5). Lea did not extend his observations beyond this 
range. On the acid side of the curve, the maximum activity of muscle ex- 
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tract occurred at approximately pH 5 and on the alkaline side a lower 
maximum was obtained at pH 9. At the pH of minimum activity (ap- 
proximately 7) the rate of oxidation was slightly less than that of the buffer 
alone. 

Several comparisons were made of the effect of muscle extract, hemo- 
globin adjusted to the same concentration as the muscle extract, and com. 
binations of the two on the oxidation of lard at various pH values. In the 
case of muscle extract, the solution added to the carotene-lard contained 
muscle extract, distilled water, and phosphate buffer solution in equal 
proportions. In the case of hemoglobin, the solution contained hemo- 
globin solution, distilled water, and phosphate buffer solution in equal 
proportions. For the combination, the solution contained equal propor- 
tions of muscle extract, hemoglobin solution, and phosphate buffer solu- 
tion. Thus the hemoglobin concentration of the combination was double 
that of hemoglobin or muscle extract alone. 

The “hemoglobin” content of the muscle extract was found to be 0.059 
gm. per 100 ml. of extract and the hemoglobin solution was adjusted to 
the same value. At pH 5.3 a white precipitate formed in the muscle ey- 
tract or combination, and a clear pink solution remained, but no precipita- 
tion took place in the hemoglobin solution. 

The catalytic effect of hemoglobin (Fig. 3) in this and other similar ex- 
periments was greater at all pH values __n the catalycic effect of muscle 
extract containing the same amount of hemoglobin. In general, a slight 
and irregular increase in the catalytic effect of hemoglobin with increasing 
pH was found in the pH range 3 to 9, with a falling off above pH 9. 

The effect of pH on the muscle extract was much more pronounced. At 
the pH of maximum activity (5.0 to 5.3) the muscle extract had only slightly 
less effect than the hemoglobin. However, a sharp drop in muscle extract 
activity consistently occurred as the pH increased from 5 to approximately 
7, followed by an increase in activity up to pH 9. The form of the muscle 
juice curve between pH 7.2 and 8.6 was established from other experiments 
containing measurements in this pH zone. 

Doubling the hemoglobin content of the muscle extract by the addition 
of an equal volume of the hemoglobin preparation gave a marked increase 
in acceleration at pH 5, bringing the combination curve well above that of 
hemoglobin alone, but at pH 7 the catalytic effect was no greater than that 
of muscle extract alone and far below that of the same amount of hemo- 
globin in the absence of muscle extract. 

Evidently something in the muscle extract inhibited the activity of the 
hemoglobin at pH values above 5. Since inhibition was at a minimum in 
the isoelectric range of the chief muscle proteins (16) and maximum near 
the isoelectric point of myoglobin and hemoglobin (13), it seems possible 
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that the inhibition may be caused by a coacervation of negatively charged 
muscle proteins and positively charged hemoglobin in the pH range be- 
tween 5 and 7. 

Addition of hemoglobin to the muscle extract also shifted the point of 
minimum activity to a lower pH value, and increased the slope of the curve 
between pH 5and7. The extract containing the added hemoglobin in this 
experiment behaved very much like muscle extracts (Fig. 2) which con- 
tained greater original concentrations of hemoglobin. Since the extracts 
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Fic. 3. Effect of muscle extract, hemoglobin, and the combination of the two on 
peroxidation of lard as a function of pH at 67 hours. Curve A, muscle extract (pH 
7.2 to 8.6, dotted portion); Curve B, hemoglobin solution; Curve C, muscle extract 
plus hemoglobin. 


used in this study were all diluted in the process of extracting and again with 
buffer before being mixed with lard, it might be expected that undiluted 
muscle extract or meat would show a somewhat lower pH of minimum activ- 
ity and a very steep slope in the pH range indicated. 

Watts and Peng (4) have recently shown that pH is an important factor 
in rancidity development in raw frozen pork sausage. The pH range of 
normal meat (approximately 5.2 to 6.6) lies on the steepest part of the curve 
(Figs. land 2). Relatively slight differences in pH within this range would 
be expected to have very marked effects on rancidification. 
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Heat Inactivation of Hemoglobin and Muscle Extract—This experiment 
compared the effect of heat on the lipoxidase activity of muscle extract 
with its effect on hemoglobin at the same pH (5.3). 10 ml. of phosphate 
buffer solution and an equal quantity of muscle extract or hemoglobin 
solution were pipetted into a small beaker. The mixture was heated 
rapidly on a boiling water bath to the desired temperature. After cooling, 
the precipitate was ground in a mortar and 1.5 ml. of the suspension were 
added to 10 gm. of carotene-lard. The results are shown in Figs. 4 and 5, 
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Fia. 4. Effect of heating muscle extract at pH 5.3 on its lipoxidase activity. Curve 
A, unheated; Curve B, 60° for 30 minutes; Curve C, 70°; Curve D, 80°; Curve E, 
90°; Curve F, 70° for 15 minutes; and Curve X, distilled water control. 





The effect of heat on the muscle extract was similar to that on hemo- 
globin. Heated to 70°, only a part of the catalytic effect of muscle extract 
or hemoglobin was destroyed, but at 90° a flocculent coagulum appeared 
and no catalytic activity remained. When muscle extract or hemoglobin 
was held at 70° for 15 minutes, precipitation occurred and their catalytic 
effects were destroyed completely. 

Rancidity development in frozen cooked pork sausage has been shown to 
be independent of the pH. Cooked sausage turned rancid much more 
slowly than raw sausage, except at the highest pH of normal pork (4). 

Effect of Dilution on Liporidase Activity of Muscle—Fig. 6 shows the 
effect of diluting muscle extract and hemoglobin at the same pH (5.3). 
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Fic. 5. Effect of heating hemoglobin solution at pH 5.3 on its lipoxidase activity. 
Curve A, unheated; Curve B, 70°; Curve C, 80°; Curve D, 90°; Curve E, 70° for15 
minutes; and Curve X, distilled water control. 
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Fic. 6. Effect of dilution on the lipoxidase activity of muscle extract and hemo- 
globin after 115 hours. Curves I, I’, no dilution; Curves II, II’, one-third dilution; 
Curves III, III’, two-thirds dilution. 





A 10 gm. portion of carotene-lard was mixed with 1.5 ml. of solution. 
The solutions were prepared in three different dilutions. In Curve I, 
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the solution contained 3 ml. of phosphate buffer solution and 3 ml. of musele 
extract or hemoglobin; in Curve II, 3 ml. of phosphate buffer solution, 
1 ml. of distilled water, and 2 ml. of muscle extract or hemoglobin solution: 
in Curve III, 3 ml. of phosphate buffer solution, 2 ml. of distilled water, 
and 1 ml. of muscle extract or hemoglobin solution. 

The concentrations of muscle “hemoglobin” and blood hemoglobin 
were the same, 0.103 gm. per 100 ml. The activities of both hemoglobin 
solution and muscle extract decreased with decreasing concentrations, 
As previously shown (Fig. 3), hemoglobin caused only a slightly greater 
increase in oxidation of the fat than that brought about by undiluted mus- 
cle extract at this pH. However, the effect of muscle extract. fell off more 
rapidly than that of the hemoglobin solution on dilution. 


TABLE I 


Effect of Cyanide on Liporidase Activity of Muscle Extract and Hemoglobin Solution 
Exposed in Darkness 


Solution added to lard Peroxide No., 14 days 
Muscle extract ..... - Fs 3.8 
o “ + KCN ....... santana weet 4.4 
Hemoglobin solution ........ sie 3.3 
a oe IEE‘ évinsckvunvigues Gaede ed wa’ 3.2 
TaBLe II 


Effect of Cyanide on Liporidase Activity of Hemoglobin Solution Exposed in 
Room Light 


Solution added to lard Peroxide No., 3 days 
Hemoglobin solution 22.7 
21.4 


. “+ KCN 

It seems probable that the hemoglobin concentration within the muscle 
may be a factor in determining rate of rancidification of meat. Compari- 
sons of rancidity development in light and dark muscle from the same 
animal would be of interest. 

Effect of Cyanide—The lipoxidase activities of muscle extract and hemo- 
globin solution with and without addition of potassium cyanide were com- 
pared in this experiment. For the control, the solution added to the lard 
consisted of equal parts of phosphate buffer, distilled water, and muscle 
extract or hemoblobin solution. In the case of the cyanide samples, the 
distilled water was replaced by 0.03 m KCN. The pH of the phosphate 
buffers was adjusted in preliminary experiments so that the final pH of 
the mixtures was 5.4. The results are shown in Tables I and II. 
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The concentrations of hemoglobin in the muscle extract and hemo- 
globin solution were not adjusted colorimetrically in either experiment. 
A more concentrated hemoglobin solution was used in the second experi- 
ment (Table II). 

At pH 5.4, potassium cyanide solution added to the muscle extract 
or hemoglobin solution did not inhibit their lipoxidase activities. These 
results are in agreement with those of Robinson (6). Barron and Lyman 
(9) reported an inhibitory effect of KCN on hemin catalysis at a pH of 
9, but the effect became vanishingly small at pH values below 7. 
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Fic. 7. Correlation of carotene destruction with peroxidation of lard catalyzed 
by muscle extract or hemoglobin solution. 


Correlation of Carotene Destruction with Peroxide Number of Fat—During 
the oxidation of unsaturated fatty acids in the presence of muscle extract 
or hemoglobin solution, 8-carotene added to lard was destroyed (Fig. 7). 
Some destruction of carotene preceded the first detectable increase in perox- 
ide number. At a peroxide number of 9, approximately 50 per cent of the 
carotene was destroyed. Sumner and Sumner demonstrated that §- 
carotene was destroyed very rapidly by the lipoxidase of soy bean meal 
in the presence of unsaturated fatty acids (11). 


DISCUSSION 


The evidence presented in this paper supports the view that the lipox- 
idase activity of pork muscle is due to its hemoglobin (or myoglobin) 
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content. The magnitude of the catalytic effect of muscle extracts on fat 
peroxidation was only slightly less than that produced by the same concen- 
tration of hemoglobin at pH 5. Neither hemoglobin nor muscle extract 
catalysis was affected by cyanide; both catalysts were destroyetl by heat, 
While it was true that pH had very little effect on the catalytic activity 
of pure hemoglobin solutions, whereas the activity of muscle extracts 
rapidly fell to zero as the pH was increased from 5 to 7, the evidence 
clearly demonstrated that this difference in behavior is ascribable to inhib- 
iting substances in the muscle extracts. The same inhibitory effect 
of pH was obtained when blood hemoglobin was added to muscle ex- 
tract. 

The inhibitory substances were not identified. The inhibition could 
conceivably have been caused by phenolic and synergistic antioxidants 
of the type so well established by Mattill and coworkers (17). However, 
there seems to be no published evidence to indicate that pH changes in 
this range have a marked effect on the antioxidant activity of tocopherols 
or other inhibitors. 

Binding of the hemoglobin molecules by oppositely charged muscle 
proteins in the region of maximum inhibition would seem to be a more 
reasonable explanation. This is supported by the observation that, at the 
pH of maximum precipitation of muscle proteins, inhibition of hemoglobin 
catalysis is ata minimum. It would be of interest in this connection to 
free muscle extract from the bulk of the muscle proteins by precipita- 
tion at pH 5.2, and then determine the lipoxidase activity of the supernatant 
solution as a function of pH. 

Applications of these findings to the problem of rancidity in pork have 
already been pointed out (4). Their possible physiological significance 
has not been explored. At the normal pH of the resting muscle, the cata- 
lytic activity of hemins was at a minimum, but even in this pH range (7.0 
to 7.4) the effect might be appreciable in the more concentrated myoglobin 
solutions of the intact red muscle. Drop in pH within the muscle after 
stimulation or voluntary work normally amounts to 0.1 to 0.3 pH unit, 
and may reach 0.7 pH under conditions in which the normal blood flow is 
interfered with (18). 

Tocopherols and other phenolic substances capable of forming quinones 
have been shown to inhibit the hemoglobin-catalyzed oxidation of un- 
saturated fats (10). Tissues from animals deprived of tocopherol show 
much higher oxygen consumption than corresponding tissues from normal 
animals (19, 20). Ascorbic acid and other synergists reinforce the inhib- 
iting action of tocopherols on unsaturated fat oxidations, although ac- 
tivity of such synergists on hemin-catalyzed oxidations of fat has appar- 
ently not been explored. Increased oxygen consumption has also been 
reported in ascorbic acid-deficient guinea pig tissues (21). 
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It would be of interest to know whether the increased oxygen consump- 
tion in tissues of animals deprived of vitamins E or C can be attributed to 
an acceleration of the coupled oxidation between hemins and unsaturated 
fats. The réle of the entire system (unsaturated fat, hemin catalyst, 
tocopherol, and other antioxidants) in bielogical oxidations is still ob- 
seure. 

SUMMARY 


1. The effect of pork muscle extract on the peroxidation of lard was 
compared with that of a hemoglobin solution obtained from hog blood. 
At pH 5, the muscle extract. caused only slightly less acceleration of 
oxidation than a hemoglobin solution adjusted colorimetrically to the same 


hemin content. 

2. The catalytic effects of both muscle extract and hemoglobin were 
destroyed by heat, decreased with dilution, and were unaffected by cyanide 
at pH 5.3. 

3. Muscle extract contained substances which progressively inhibited 
the catalytic effect of native or added hemoglobin in the pH range 5 to 7. 

4. The lipoxidase activity of muscle extract is believed to be dae to its 
hemoglobin (or myoglobin) content. 

5. Applications of the findings to rancidity development in pork are 
discussed, as well as their possible physiological significance. 
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REJUVENATION OF MUSCLE ADENYLIC ACID NITROGEN 
IN VIVO STUDIED WITH ISOTOPIC NITROGEN* 


By HERMAN M. KALCKARt ann D. RITTENBERG 
(From the Division of Nutrition and Physiology, The Public Health Research Institute 
of The City of New York, Inc., New York, and the Department of Biochemistry, 
College of Physicians and Surgeons, Columbia University, New York) 


(Received for publication, June 13, 1947) 


It is known that in skeletal muscle adenylic acid is deaminated to inosinic 
acid if the muscle is subjected to strong tetanic contractions (1-3). Ino- 
sinic compounds are subsequently reaminated to adenylic acid compounds 
during the aerobic recovery period (4, 5). However, it has not been 
possible to demonstrate deamination-reamination in the resting muscle 
or during moderate muscular work in vivo. This might be interpreted in 
two ways. * Either deamination-reamination of adenylic acid takes place 
only during severe muscular work or a deamination-reamination occurs 
under all circumstances, but the rate of the reamination, being higher than 
that of deamination, bars any accumulation of deamination products. 

Barnes and Schoenheimer (6) in their studies of the purines of nucleic 
acids and nucleotides found that, whereas the nitrogen of nucleic acid purines 
was undergoing a considerable rejuvenation, the nitrogen of muscle adenylic 
acid showed an N® concentration which amounted to only 20 per cent of 
that of the total nitrogen (ring N as well as amino N) of the purines of 
nucleic acids. This could mean either that the rate of rejuvenation of 
adenylic acid N was only one-fifth of that of nucleic acid N or that only one 
of the five nitrogens of adenylic acid was undergoing rejuvenation. In 
order to decide between the two possibilities, techniques were developed in 
the present series of studies which made it possible to collect separately the 
§-amino nitrogen and the ring nitrogen of muscle adenylic acid from rats fed 
N®, and thus to differentiate between the N” concentration of the two 
sources of nitrogen. The N® was administered as ammonium citrate by 
stomach tube and the animals were sacrificed after 7 to 8 hours (for details, 
see “Experimental”). Adenyl pyrophosphate was isolated from the 
muscles and purified as crystalline adenylic acid. The 6-amino N was split 
off by means of the specific adenylic acid deaminase (7, 8). The ring 
nitrogen (inosinic acid) and the ammonia derived from the 6-amino group 
were analyzed separately for N“. An N*® analysis of the nitrogen of 


* This work was in part supported by grants from the Josiah Macy, Jr., Foundation 
and the Nutrition Foundation, Inc. 

t Present address, Institute for Medical Physiology, University of Copenhagen, 
Denmark. 
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adenylic acid was also made in order to obtain a value of 6-amino nitrogen 
plus ring nitrogen combined. The enzymatic deamination not only insures 
greater specificity but also permits direct isotope determinations of the 
amino N, whereas deamination by nitrite would release the amino N as 
molecular nitrogen which would be lost. 

The isotope concentrations of the various N fractions are given in Table 
I. 

It can be seen that the isotopic nitrogen of muscle adenylic acid is con- 
fined to the 6-amino group with little or no N™ in the ring nitrogen. The 
N® concentration of the adenine N as calculated from the N™ values of 
6-amino N and the ring N would be 0.019 to 0.020 atom per cent excess, 
which is in good agreement with the value 0.021 atom per cent excess 
actually found. 

These results indicate that the adenylic acid in skeletal muscle is subject, 
in vivo, to a very rapid deamination-reamination. The rate of this am- 
monia cycle varies probably with the degree of activity of the skeletal 


TaBLe I 
N in Various Parts of Muscle Adenylic 


> Acid after Enzymatic Deamination 








Tene of nitrasen Atom per cent 
st pica excess N' 


6-Amino N 0.093 


Ring N from hypoxanthine-ribose phosphate 0.007 
Total N of adenylic acid 0.021 


muscle. A comparison of the rates of rejuvenation of the 6-amino N in 
resting muscle (for instance a paralyzed hind leg) and in the contracting 
muscle would undoubtedly be of interest. The muscle investigated in the 
present series of studies must be considered as being in a state of fairly high 
activity. 

Inasmuch as studies of the nitrogen metabolism in vivo, with N™ as tracer, 
so far have been performed over a longer period of time (24 to 72 hour 
feeding experiments), it was considered of interest to determine the N® 
concentration in a number of other nitrogenous compounds in muscle. 

The purines of the nucleic acids of skeletal muscle were isolated according 
to the method of Graff and Maculla (9) and the nitrogen subjected to 
isotope analysis. It was found in one experiment that the excess N® 
concentration of the nucleic acid purines amounted to 0.030 atom per cent 
after 7 to 8 hours. The location of the N™ in these compounds was not 
determined, since the amount of nucleic acid obtained from skeletal muscle 
was not sufficient to permit any fractionation. It will be recalled that 
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Barnes and Schoenheimer (6) found that the N*® in the liver nucleic acid 
seemed to be fairly equally distributed between the amino N and the ring 
N of the purines. 

The amide nitrogen and glutamic acid nitrogen of the muscle proteins 
were also subjected to an N“ analysis. The N*™ concentration of the amide 
was high (0.100 atom per cent excess). The N*® concentration of the 
glutamic acid amounted only to 0.020 atom per cent excess. 

It is of interest that the glutamic acid N which is considered to have a 
relatively high rate of rejuvenation, even in muscle, in an 8 hour experi- 
ment attained an isotopic concentration which was only about one-fifth of 
that of the 6-amino N of muscle adenylic acid. The amide N, on the other 
hand, attained an N® concentration even higher than that of the 6-amino 
N of the adenylic acid. 

The mechanism of reamination of inosinic acid to adenylic acid is not 
known as yet. The studies presented here render it improbable that glu- 
tamic acid directly reaminates inosinic acid. The high N* concentration 
of the amide N suggests amides as a possible source of nitrogen for this 
reamination. However, no definite conclusions regarding the pathway of 
the ammonia cycle in muscle are possible at the present time. 


EXPERIMENTAL 


Three male rats weighing 350 to 400 gm. were fed 2.4 gm. of ammonium 
citrate containing 33 atom per cent excess N“%. The ammonium citrate 
solution was administered by stomach tube in three equal portions at 2 
hour intervals. The rats were sacrificed 8 hours after the first administra- 
tion of N®. The carcasses were chilled in ice and the skeletal muscles of 
the three rats were pooled (weight approximately 200 gm.). Adenyl 
pyrophosphate was isolated according to Lohmann’s method and the pure 
adenyl pyrophosphate was subjected to dephosphorylation of the labile 
groups in baryta. The adenylic acid was precipitated with lead acetate 
and finally recrystallized twice as the free acid from aqueous solution. 
The crystalline adenylic acid was dried at 80° in vacuo; yield, 70.2 mg. 


Analysis of Crystalline Adenylic Acids—Total N (Kjeldahl, 18 hours) 20.3 per cent, 
theory 20.1; total P (no inorganic P) 9.08 per cent, theory 8.94; ribose 43.8 per cent, 
theory 43.2; molecular E29 = 1.6 X 10‘, theory 1.5 X 10+. 


A solution of this material, treated with muscle deaminase, gave in the 
ultraviolet spectrophotometer (cf. (8)) —A log (io/t)os5 = 0.208 for 10 
7 of nucleotide per ml.; theory 0.196. 

N® concentration was 0.021 atom per cent excess. 

Enzymatic Deamination of 5-Adenylic Acid to 5-Inosinic Acid—A solution 
of 28 mg. of adenylic acid in 4 ml. of water was neutralized with n NaOH 
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to pH 6, and 0.5 ml. of 0.7 m potassium acetate (pH 6) was added, followed 
by 2 ml. of dialyzed muscle deaminase; blank, enzyme mixture without 
adenylic acid. Aliquots of 50 ¢.mm. were drawn from the adenylic acid 
mixture and from the blank at the start of the experiment and after 2 and 
4 hours incubation at 37°, and the ultraviolet spectrum was determined, 
The absorption of the enzyme was subtracted. When the adenylic acid 
mixture hac attained a pure inosinic acid spectrum (ef. (8)) the reaction 
was stopped with 1 ml. of 20 per cent trichloroacetic acid. Inosinic acid 
was precipitated with lead acetate; the blank was treated likewise, although 
very little precipitate developed. The supernatant was used for analysis 
of the 6-amino group. The solution of free acid was analyzed for P and 
N. N:P, found 2.05; theory 1.83. 

The inosinic acid fraction was free of adenylic acid. This appears not 
only from the ultraviolet spectrum but also from the fact that addition of an 
active muscle deaminase to an aliquot of the inosinic acid solution did not 
cause any decrease in the density at 265 mu. 

The N*® concentration was 0.007 atom per cent excess. 

6-Amino Nitrogen—The mother liquors and washings from the lead 
precipitation were treated with H.S. The lead sulfide was removed by 
filtration and washed twice with water. The filtrate and washings were 
acidified and aerated, then made alkaline and steam-distilled. The am- 
monia derived from the deaminase preparation constituted only about 1 
per cent of that of the 6-amino group and did not contain any excess N*. 

The N*® concentration of the 6-amino group was 0.093 atom per cent 
excess. 

Analysis of Purines of Nucleic Acid from Muscle—Purines were isolated 
as copper salts, according to the method of Graff and Maculla (9). 

An aliquot was freed of Cu by treatment with H.S, the sulfide washed 
several times with hot water, and the filtrate analyzed for guanine by means 
of guanase at 290 my (10). 

The amount of pure N in the whole sample calculated from this analysis 
was 3.1 mg.; found, by the direct Kjeldahl method, 3.7 mg. The 0.6 mg. 
excess is presumably derived from the pyrimidine compounds, which are to 
some extent hydrolyzed by this procedure. 

The N® concentration was 0.080 atom per cent excess. 

Amide N—A 3 gm. sample of acid-insoluble muscle residue was washed 
twice with dilute trichloroacetic acid and hydrolyzed for 24 hours in 20 
per cent HCl at 105°. Amide nitrogen was obtained by the usual pro- 


cedure. 


Amide N 1300 y; N™ concentration 0.100 atom per cent excess. Glutamic 
acid hydrochloride was isolated by the usual procedures from 40 gm. of muscle tissue; 
N'* concentration 0.020 atom per cent excess. 
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SUMMARY 


1. Following the administration to rats of ammonium citrate labeled 
with N® a high concentration of isotope is found in the 6-amino nitrogen 
of the adenylic acid of skeletal muscle, thus indicating a very rapid, reversi- 
ble deamination. 

2. Under the same conditions the glutamic acid of the muscle proteins 
showed an isotope concentration only one-fifth of that of the 6-amino N 
of the adenylic acid, whereas the amide N had a higher N“ value. Amides 
are suggested as a possible source of nitrogen for this rapid rejuvenation. 
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CARBON DIOXIDE FIXATION IN ISOCITRIC ACID* 


By SANTIAGO GRISOLIA anp BIRGIT VENNESLAND 
(From the Department of Biochemistry, University of Chicago, Chicago) 


(Received for publication, June 17, 1947) 


Ochoa (1, 2) has demonstrated the occurrence in pig heart of an enzyme 
capable of the reversible decarboxylation of oxalosuccinic acid. When iso- 
citric dehydrogenase is also present the enzyme system can catalyze the 
net reaction: 


(1) Isocitric acid + TPNox. 4 a-ketoglutaric acid + CO: + TPNrea. 


Evidence supporting the existence of this reaction was obtained spectro- 
photometrically, by measuring the light absorption of reduced triphospho- 
pyridine nucleotide (TPN) at 340 my. Ochoa has also coupled the reaction 
with the glucose-6-phosphate dehydrogenase system, demonstrating the for- 
mation of isocitric acid from a-ketoglutarate, COs, and reduced TPN. In 
the presence of aconitase, citric acid is formed. Using the conditions rec- 
ommended by Ochoa,' we have been able to confirm these results. 

Indirect evidence for the existence in pigeon liver of an oxalosuccinic 
carboxylase had previously been obtained by Moulder, Vennesland, and 
Evans (3). Ochoa! has confirmed these findings by testing the decar- 
boxylation of oxalosuccinic acid directly. The enzyme in pigeon liver, like 
that in pig heart is also associated with an isocitric dehydrogenase. It 
seemed desirable to obtain a confirmation of the reversibility of reaction 
(1) by an independent method, and this has accordingly been done with 
isotopic carbon. ‘This paper presents evidence that extracts of pigeon liver 
acetone powder cause the incorporation of C™ (added as bicarbonate) into 
the B-carboxy! group of isocitric acid when a-ketoglutarate and isocitrate 
are incubated together. There is no detectable net chemical reaction 
between these two substances. 

EXPERIMENTAL 
Methods 

The pigeon liver enzyme used was the dialyzed acetone powder extract 
described by Evans, Vennesland, and Slotin (4). Isocitrie dehydrogenase 
was the type of preparation designated ‘‘enzyme C” by Adler et al. (5). 

* This work was supported in part by grants from the John and Mary R. Markle 
Foundation and from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the 
University of Chicago. 

1 Ochoa, S., personal communication. 
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Aconitase was prepared by ammonium sulfate precipitation of pig heart 
extracts.'. TPN of 80 per cent purity was prepared by a modification? of 
the method of Warburg, Christian, and Griese (6), the yellow enzyme 
by the method of Warburg and Christian (7).’ di-Isocitrie acid was synthe- 
sized according to Pucher and Vickery (8). a@-Ketoglutaric acid was pre- 
pared according to Neuberg and Ringer (9). 

The measurement of C"™ activity was done essentially according to the 
procedure recommended by Reid (10) with a thin mica window counter, 
For accurate determination of activity, samples of COs were collected in 
CO.-free NaOH, and converted to BaCO;, which was washed well, sus- 
pended in the minimum necessary volume of ethanol, and transferred to 
aluminum disk containers of known diameter. Evaporation of the alcohol 
resulted in a uniform layer of precipitate, the thickness of which was de- 
termined from its weight and the area of the disk. After correction for 
self-absorption, such samples gave readily reproducible counts proportional 
to the specific activity of the carbonate. Results are expressed as per cent 
of the specific activity of the bicarbonate of the medium at the end of the 
reaction. 

For qualitative determinations of the presence of C'', some preparations 
were counted directly as dried films. Such determinations were not as ac- 
curate as those made on BaCO, precipitates, but served a useful purpose 
for orientation studies, since the presence or absence of C'* in a particular 
fraction could thus readily be determined without conversion of the sub- 
stance to COs. 

Incorporation of C“O, into Isocitrate The enzyme reaction mixture con- 
tained the following components: 0.013 m dl-isocitrate, 0.033 M a-ketogluta- 
rate, 0.0007 am MnCl, 0.005 wm NaHC™O,, 150 y of TPN, and 4.0 ml. of 
pigeon liver extract. The total volume of the reaction mixture was 15.0 
ml. The pH of the medium was 7.4, the buffer being furnished by the 0.025 
M phosphate of the enzyme. The mixture was incubated at 40° for 2 hours 
in the absence of a gas phase. (CQO. determinations made at the beginning 
and at the end of the incubation indicated that no appreciable formation 
of CO, occurred. The reaction was stopped by the addition of 5.0 ml. of 
10 per cent metaphosphoric acid. The C™QOs¢ liberated on addition of acid 
was collected in alkali and precipitated as BaCO; for determination of radio- 
activity. The last traces of C'O. were washed out with CO, gas. The 
protein precipitate was centrifuged off, and the supernatant was extracted 
with ether in a continuous extractor until all the organic acids had been 
removed from the aqueous portion. The ether was evaporated and the 

2 Altman, K. I., unpublished method. 

’ We are grateful for the generous cooperation of Mr. K. Altman who supplied this 


preparation. 
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residue neutralized and brought to a volume of 2.0ml. This residue con- 
sisted mainly of a mixture of isocitrate, citrate, and a-ketoglutarate. The 
citrate was formed from the isocitrate by the action of aconitase present 
in the pigeon liver enzyme. Evaporation of an aliquot to a dry film and 
determination of radioactivity directly indicated that considerable CO: fixa- 
tion had occurred. The specific activity of the film was about 10 per cent 
of the specific activity of the BaCO; prepared from the bicarbonate of the 
medium. 

To localize the position of this fixed C™, an aliquot of the ether extract 
was precipitated with 2,4-dinitrophenylhydrazine. 21.5 mg. of the 2,4-di- 
nitrophenylhydrazone of a-ketoglutaric acid contained no appreciable radio- 
activity, indicating that the C' content of a-ketoglutaric acid was negligi- 
ble. It was estimated that if 1 carbon atom in a-ketoglutarate contained 
0.5 per cent of the activity of the bicarbonate of the medium it could readily 
have been detected. The conversion of the a-ketoglutarate to CO, would 
not give a method of detection much more sensitive than the direct count 
of the precipitate. 

The remainder of the ether extract was treated with isocitrie dehydro- 
genase in the presence of Mn**+, TPN, yellow enzyme, methylene blue, and 
OQ». to remove the 8-carboxyl carbon of the isocitric acid. The procedure 
was essentially that described by Adler et al. (5). Aconitase was added to 
insure the conversion of all citrate to isocitrate. ‘The reaction mixture was 
made up to contain 0.0005 mu MnCle, 0.005 m veronal buffer, pH 7.4, and 
0.0001 Mm methylene blue. 15 mg. of yellow enzyme of 10 per cent purity, 
0.4 ml. of aconitase, 2.0 ml. of isocitric dehydrogenase, and 150 y of TPN 
were made up with the sample to a total volume of 10.6 ml. The mixture 
was incubated for 5 hours at room temperature in a continuous stream of 
COe-free air. The air was subsequently passed through alkali to absorb 
the CO. which had been formed during the reaction. At the end of the 
reaction acid was added to insure the complete liberation of the COs. 

Under the conditions of this reaction the isocitric and citric acids present 
in the sample were decomposed to give COs and a-ketoglutaric acid. The 
CO. so formed must originate from the 6-carboxyl carbon. However, on 
prolonged incubation a-ketoglutarate may also yield COs as a result of a 
secondary oxidative decarboxylation occurring in the presence of Mn**. 
The amount of CO. formed from a-ketoglutarate and from isocitrate (plus 
citrate) respectively may be determined by chemical analysis of the isocit- 
rate, citrate, and a-ketoglutarate present at the beginning and the end of 
the reaction. Such determinations were in agreement with the amount of 
COs evolved. Since the a-ketoglutarate contains no C™, corrections may 
he applied for the dilution of the COs from the isocitrate by inactive carbon 
from the a-ketoglutarate. After the application of such corrections, the 
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CO, from the isocitrate and citrate was found to contain 70 per cent of the 
C™ activity of the bicarbonate of the medium. This indicated that an 
extensive exchange had occurred between the bicarbonate of the medium 
and the 8-carboxy] carbon of isocitric acid. 
DISCUSSION 
The exchange reaction demonstrated in these studies may be formulated 


as follows: 


TPNox. + COOH-CH,-CH-CHOH-COOH Mn*+ 
i" 
CYOOH 


Isocitric acid 
COOH-CH,;:CH:-CO-COOH + CO, + TPNeeg. 
a-Ketoglutarate 


The reaction is analagous to the incorporation of isotopic carbon into the 
carboxyl groups of the dicarboxylic acids when pyruvate and fumarate are 
incubated with pigeon liver in the presence of isotopic bicarbonate (11). 
There are two differences which must be borne in mind when comparing 
the reactions, however. First, the action of aconitase in catalyzing the 
interconversion of isocitrate, citrate, and cis-aconitate does not cause a dis- 
tribution of the label present in the 8-carboxyl carbon into the other carbon 
Consequently, a-ketoglutaric acid formed 


atoms of the tricarboxylie acids. 
The fixed COs incorporated into the 


from the isocitrate, is not labeled. 
8-carboxyl carbon of isocitrate by this reaction will consequently not be 
distributed into the other components of the tricarboxylic acid cycle, unless 
citrate and isocitrate are metabolized over some other route than that in- 
volving a-ketoglutarate formation. This is in contrast to the pyruvate- 
malate-fumarate system in which the action of fumarase results in the 
equilibration of the bicarbonate with all the carboxy] groups of the organic 
acids involved (pyruvate, lactate, fumarate, and malate) (4, 11). Second, 
there is little, if any, oxidation-reduction between a-ketoglutarate and iso- 
The fixation of COs, occurs in the absence 


citrate in pigeon liver extracts. 
In the case of 


of any net reaction between the components of the system. 
the pyruvate-malate system in pigeon_liver, the fixation is accompanied by 
an oxidation-reduction between pyruvate and malate, resulting in a net 
conversion of the malate to lactate and CQ,. This is due to the presence 
of a lactic dehydrogenase. A corresponding enzyme capable of reducing 
a-ketoglutaric acid is absent. It is consequently apparent that the oxida- 
tion-reduction of the a-keto acid is not necessary for the fixation in reactions 


of this type. 


















S. GRISOLIA AND B. VENNESLAND 


SUMMARY 

The conclusions of Ochoa (1) regarding the reversibility of the oxidative 
decarboxylation of isocitric acid have been confirmed by studying the re- 
action in extracts of pigeon liver acetone powder with the aid of C™O». 
Incubation of isocitrate and a-ketoglutarate with the enzyme in the pres- 
ence of Mnt*, TPN, and NaHCO; results in the incorporation of C“ into 
the 8-carboxyl carbon of isocitric acid. In 2 hours at 40° the interchange 
amounted to 70 per cent of full equilibration, though no net reaction be- 
tween the components of the system could be demonstrated by chemical 
analysis. 


This problem was undertaken at the suggestion of Dr. FE. A. Evans, Jr., 
whose laboratory and facilities were generously made available to one of 


us (S. G.). 
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CHROMOGENIC SUBSTRATES 


IV. ACYL ESTERS OF p-NITROPHENOL AS SUBSTRATES FOR THE 
COLORIMETRIC DETERMINATION OF ESTERASE* 


By CHARLES HUGGINS ann JACK LAPIDES 
(From the Department of Surgery, University of Chicago, Chicago) 


(Received for publication, June 18, 1947) 


The development of color from the decomposition of colorless esters 
of p-nitrophenol by enzyme action furnishes a delicate test of esterase 
activity; by this means the esterase patterns of serum were investigated. 
In the past the detection of esterase action has been carried out by means 
of biologic, physical, and chemical methods. In the biologic method (1) 
the frog heart has been used for estimating the concentration of acetyl- 
choline left over after hydrolysis, and the physical basis of assay has been 
the decrease of the viscosity of tributyrin (2) as determined by the drop 
count technique. These have presented obvious disadvantages; in the 
stalagmometric method the decrease of drop number is much greater than 
the percentage hydrolysis by titration (3). All of the chemical techniques 
have been based on the estimation of acid production by titration, measure- 
ment of pH changes, or the manometric estimation of the displacement 
of carbon dioxide from a bicarbonate buffer, the most satisfactory, evidently, 
being the technique of Ammon (4). In general some of the difficulties 
have been that in the titrimetric method pH changes in the system due to 
the liberation of acid affect enzymic activity and there has been the in- 
convenience of the Warburg technique for routine use. Also with slightly 
soluble esters such as the butyrates it has been difficult to obtain a stand- 
ardized emulsion; so that the reproducibility of the assay has been only 
about 10 per cent. Abdon and Uvnas (5) attempted to estimate acetate 
production from acetylcholine colorimetrically by adding ferric chloride 
to the mixture after long incubation, but among the difficulties in this 
method is the fact that color production by ferric ion is not specific for 
acetate. 

The method described in this paper utilizes a new principle in that the 
velocity of enzyme action is determined by estimating the amount of the 
hydroxyl group which is liberated. Several esters of p-nitrophenol were 
prepared and were found to be readily hydrolyzed by esterases, liberating 
p-nitrophenol, which is readily measured colorimetrically. 

* This investigation was supported by grants from the Albert and Mary Lasker 


Foundation, Inc., the Sidney and Frances Brody Foundation, Mr. Ben May, and the 
Committee for Research in Problems of Sex of the National Research Council. 
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Most workers are in agreement that there exist two types of esterases, 
the one hydrolyzing acetylcholine, discovered by Loewi and Navratil (6) 
and set in a special category as cholinesterase by Stedman, Stedman, and 
Easson (7); the other esterase is considerably less specific and has been 
studied by a great number of techniques in which the substrates most 
commonly used have been ethyl butyrate (8), methyl butyrate (9), mandelic 
esters (10), and tributyrin (2). The latter esterase has received a number 
of designations, simply as esterase (11), the ‘serum enzyme of human 
blood” (12), the S-type (13), pseudocholinesterase (14), and unspecified 
esterase (15); in this paper we shall follow the terminology of Richter and 
Croft (16) in referring to this second activity as aliesterase, “‘an esterase 
of the type that acts preferentially on the simple aliphatie esters and gly- 
cerides.”’ 

While cholinesterase has been extensively investigated, not much is 
known about the aliesterases, largely because of technical difficulties in 
obtaining standardizable and soluble substrates; such disadvantages are 
absent from the present method, which accordingly permits the systematic 
analysis of these enzymes. 


Synthesis of Substrates 


The following p-nitrophenyl esters were prepared: the acetate (PNP4A), 
propionate (PNPP), isobutyrate, trimethyl acetate, n-butyrate, isovalerate, 
and n-valerate. The substrates were made according to the method of 
Spasov (17). p-Nitrophenol, 13.9 gm. (0.1 mole), is mixed with 30 gm. of 
benzene and 1.2 gm. of magnesium turnings in a round bottom flask and 
0.12 mole of acyl chloride is added. The mixture is refluxed for 1 hour on 
a steam bath and then cooled. About 150 ml. of ethyl ether are added and 
the mixture is transferred to a separatory funnel, where it is washed sue- 
cessively with water, aqueous saturated sodium bicarbonate solution, and 
again with water, the aqueous washing solutions being discarded. The 
benzene-ether mixture is dried with anhydrous sodium sulfate and the sol- 
vents evaporated at room temperature. 

In general it was found difficult to separate all traces of accompanying 
free p-nitrophenol from the products (Table I), although enough was re- 
moved to make them serviceable as substrates. The solid esters were 
partially purified by 3-fold recrystallization from about 150 ml. of ethyl 
ether; in the case of p-nitrophenyl propionate the crude product was dis- 
solved in about 20 ml. of n-butanol at 45°; on cooling to room temperature, 
crystallization took place. 

The liquid esters were washed three times with about 50 ml. of water, 
which was removed following centrifugation. Finally anhydrous sodium 
sulfate was added to complete the dehydration. 
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p-Nitrophenyl acetate has been prepared by Noelting, Grandmougin, and 
Michel (18); we have been unable to find a record of the synthesis of the 
other esters described in this paper. The chemical composition of the 
esters with respect to p-nitrophenol content and the melting points are given 
in Table I. None of the liquid esters crystallized above 4°. 


EXPERIMENTAL 


Substrate Concentration and Velocity of Enzyme Action—With a saturated 
aqueous solution of PNPA and PNPP, esterase activity of human serum 
was determined against varied concentrations of substrate in three experi- 


TaBie I 
Characteristics of p-Nitrophenyl Esters 





Free p-ni- | p-Nitrophenol yielded 

Solubility | trophenol by ester 

| M.p. in water | associated on hydrolysis* Remarks 
at 25° with ssiiessidaalaliamntaiiaaiiaiati 


ester | Calculated | Analyzed 





| e¢ gm. per gm. per gm. per | gm. per 
| . 100 gm. 100 gm. 100 gm. | 100 gm. 


Acetate | 77-78 0.60 2.5 76.8 | 77.2 | Large truncated py- 
ramidal crystals 
3 72.4 | Long white needles 





Propionate 62-63 0.245 2.33 71 

Isobutyrate | 25-27 0.232¢ 3.01 71.0 69.8 Short ‘ 

Trimethyl 94-95 0.0006 0 62.4 63.0 | Hexagonal plates 
acetate 

n-Butyrate t 0.240 2.89 71.3 68.0 | Brown oily liquid 

n-Valerate $ |oee | 2 | Ge) ae} ~*~ © = 

Isovalerate | t 0.089 2.01 66.6 67.0 ; “ ” 





* The weight of free p-nitrophenol was subtracted from the total weight of the 
compound before the calculations. 

t Solubility at 23°. 

t Liquid at room temperature. 


ments. From the plot of reaction velocity against substrate content 
(Fig. 1) the Michaelis and Menten constants (19) were determined; for 
PNPA this constant was found to be 4.15 X 10-* m and for PNPP 2.5 
X 10-* a. 

All of the substrates underwent hydrolysis in M/15 phosphate buffer 
at pH 7 at 25° (Fig. 2), and with sufficiently high substrate concentration 
to keep the enzyme saturated, inconveniently large amounts of color were 
produced non-enzymically. In order to reduce the color blank it was 
decided to use much lower concentrations of substrate than are required 
to saturate the enzyme and experimental conditions were therefore deter- 
mined under which a linear relationship resulted between enzyme concen- 
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tration and p-nitrophenol liberated. It was found that this relationship 
held with dilutions of serum up to 25-fold when the substrate content was 
0.666 micromole in a final volume of 10 ml., provided that not more than 
43 per cent (0.286 micromole) of the substrate was split. Further, since 
the line passed through the zero point (Fig. 3), it is established that the 
velocity of hydrolysis is proportional to the enzyme activity. This linear 
relationship was found to be true for all of the nitrophenol substrates 
described in this paper. Van Slyke (20) has outlined the conditions neces- 
sary for measuring enzyme activity at low substrate concentration. One 
of these conditions is that the substrate concentration is a critical factor 
in the analysis and care must be taken in daily work to prepare the sub- 
strate solution accurately. 
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Fic. 2. The rate of hydrolysis of the p-nitrophenyl esters, acetate, propionate, 
n-butyrate, isobutyrate, n-valerate, and isovalerate, in 0.066 m phosphate buffer, 
pH 7. The system consisted of phosphate buffer, 2 ml., water 6 ml., and substrate 
2 ml.; the final concentration of substrate was 0.666 micromole. 


With a substrate concentration of 0.666 micromole in 10 ml., the enzyme 
velocity is not proportional to time except with very dilute enzyme solu- 
tions, the curve becoming progressively depressed. Accordingly the tests 
must be run for an identical time for comparative results and in these 
experiments the standard time elected was 20 minutes. 

Temperature Effects on Esterase Action—The optimum temperature for 
activity of human serum esterase against PNPP (Fig. 4) was 32°; at 25° 
the enzyme acts at about 87 per cent of the optimum. Earlier, the tem- 
perature optimum for pancreatic esterase (ethyl butyrate) was found to be 
about 30° (8). We also determined the temperature coefficient, Q:o 
= (velocity at T° + 10)/(velocity at T°). Between 18-28°, Qyo was 1.59. 
Vahlquist. (21) observed for acetylcholine a Qi. of 1.42 and for methyl 
butyrate the Q,o was 1.4; a Qyo of 1.7 for human serum acting on acetyl- 
choline was obtained by the ferric chloride method (5). 
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Fia. 3. The effect of enzyme concentration on the rate of hydrolysis of p-nitro- 
The system consisted of 2 ml. of 0.066 m phosphate buffer, 7 ml. 
of water, and 1 mi. of various dilutions of human serum; incubation 20 minutes at 
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Fic. 4. Esterase action of human serum on p-nitrophenyl propionate at varying 
temperatures. The system consisted of 2 ml. of 0.066 « phosphate buffer, 7 ml. of 
water, 1 ml. of 4 per cent human serum, and 1 ml. of substrate (0.333 micromole); 
incubated 20 minutes. 
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Esterase and pH—A series of buffers was made with 0.05 m tris(hydroxy- 
methyl)aminomethane-maleic acid! and also 0.05 m sodium barbital- 
hydrochloric acid (22) between pH 5.15 and 9.4. The experimental system 
consisted of 1 ml! of buffer and 1 ml. of 4 per cent serum, while in control 
tubes serum was replaced with water. At 1 minute intervals 1 ml. of sub- 
strate was added to both sets and, after precisely 20 minutes, 7 ml. of 
0.2 m phosphate buffer at pH 7 were added to bring to standard pH and 
the tubes were read in a colorimeter. All pH estimations were determined 
potentiometrically in a glass electrode and the final pH of these solutions 
varied from 6.91 to 7.15; the free p-nitrophenol content was read from a 
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Fic. 5. The effect of pH on the rate of enzymic hydrolysis of the p-nitrophenyl 
esters, propionate, n-butyrate, isovalerate, and n-valerate. The system consisted 
of 2 ml. of 0.1 x barbital-hydrochloric acid buffers at varying pH, 1 ml. of 4 per cent 
human serum, 5 ml. of water, and 2 ml. of substrate; final concentration of all sub- 
strates 0.666 micromole in 10 ml.; incubated at 25° for 20 minutes. 





calibration curve made at pH 7. The curves of activity of serum against 
pH in all of our substrates (Fig. 5) were similar and optimum activity was 
found at pH 8.4 to 8.6. These findings agree with those of Glick (23) 
who observed that the pH optimum for the splitting of acetylcholine by 
human serum was 8.4 to 8.5. When the system is buffered at pH 7 as 
in the method adopted, the enzyme activity is about 7 per cent of its 
maximum; the instability of the substrates at the optimum pH precluded 
the use in routine analyses of the optimum pH for the enzyme. 

Organic Inhibitors of Esterase—Ethyl alcohol depressed the esterase 


! We are indebted to Professor George Gomori for furnishing this buffer. 
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activity of human serum against PNPP more than methyl alcohol did 
(Fig. 6). Methyl alcohol was employed in the method adopted as a gol. 
vent for the substrates but the amount (final concentration 0.02 per cent) 
used does not interfere with enzyme action. 

The effects of eserine, ethyl carbamate, and tetraethyl ammonium 
chloride on the hydrolysis of PNPP by human serum (Fig. 7) were deter. 
mined. Richter and Croft (16) found that an eserine concentration of 
10-* m caused almost complete inhibition of hydrolysis of acetylcholine, 
methyl butyrate, and tributyrin by human serum; with horse serum, ac- 
tivity also was inhibited completely with respect to cholinesterase but 
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Fia. 6. The effect of ethyl alcohol and methyl alcohol on enzymic hydrolysis of 
p-nitrophenyl propionate. The system consisted of 2 ml. of substrate (0.666 micro- 
mole), 2 ml. of 0.066 m phosphate buffer, pH 7, 1 ml. of 4 per cent human serum, and 
varying amounts of alcohol and water to make a total amount of 10 ml.; incubated at 


25° for 20 minutes. 

there was merely slight inhibition of aliesterase; we found that eserine in 
10-5 m concentration inhibited the esterase of human serum on p-nitro- 
phenyl esters only slightly. ‘The amount of enzyme present is a factor in 
eserine inhibition; in our experiments eserine 10-° mM caused 60 per cent 
inhibition when 0.01 ml. of rabbit serum was used and no inhibition with 
0.1 ml. of the same. Also when eserine was in contact with the enzyme 
for 30 minutes prior to the test, an average of 7 per cent greater inhibition 
occurred than when there was no earlier association of enzyme and inhi- 
bitor; long contact of substrate and eserine did not affect the inhibiting 


effect of eserine. 
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Salt Effects on Esterase—Human and rabbit sera were dialyzed against 
water at 4° for 5 days and the esterase activity on acetylcholine and 
PNPP was determined in the presence of concentrations of sodium chloride 
and potassium chloride between 10~‘ and 2M. In the assay of cholines- 
terase the gasometric method of Ammon (4) and the technique of-Mendel 
and Mundell (24) were used, except that the experiments were run for 20 
minutes after tipping acetylcholine bromide from the side arm of the War- 
burg vessel into the main compartment. 
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Fic. 7. The effect of ethyl carbamate, tetraethyl ammonium chloride, and physos- 
tigmine salicylate (eserine) on the rate of hydrolysis of p-nitrophenyl propionate 
by human serum. The system consisted of 2 ml. of substrate (0.666 micromole), 
nl. of 0.066 m phosphate buffer, pH 7, 1 ml. of 4 per cent human serum, 4 ml. of water, 
and 1 ml. of various concentrations of inhibitors to give the final concentration in- 
dicated on the abscissa; incubated 20 minutes at 25°. 





The action of equimolar solutions of sodium and potassium chlorides on 
PNPP was identical (Fig. 8), producing at first a slight acceleration with 
salt concentration of 10- to 10-* m, followed by a profound depression. 
With respect to the splitting of acetylcholine by serum, 0.125 m sodium 
chloride caused 27 to 72 per cent acceleration and in 1 mM concentration either 
no or very slight inhibition. 

These findings confirm the observation of Glick (25) who showed that 
sodium and potassium chlorides caused activation of esterase of dialyzed 
rabbit serum on acetylcholine as contrasted with horse serum. However, 
Glick observed that there was increased acceleration with increasing salt 
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concentration as far as 3 M, whereas we found that above 1 M salt conten 
inhibition set in. 

On the Type of Esterase—The activities of ten human sera were in fair 
agreement when PNPP and acetylcholine were used as substrates. There 
was a lack of close correlation between the splitting of PNPP with either 
methyl butyrate or tributyrin. 

In the serum of the rabbit extremely high activity was found against the 
p-nitrophenyl esters and very low activity against acetylcholine; in % 
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Fic. 8. The effect of various concentrations of salt on the hydrolysis of acety!- 
choline and p-nitrophenyl propionate by dialyzed human serum. The activity is 
stated with reference to the salt-free serum, which is assigned a value of 100 per cent. 
Curve A shows the effect of sodium chloride on the activity of human serum in split- 
ting acetylcholine. Curves B show the inhibition of serum esterase by sodium chlo- 
ride and potassium chloride. The molarity given on the abscissa is the final concen- 
tration of salt. Incubated 30 minutes at 25°. 


minutes in Experiment 1 these values for PNPP and PNPA respectively 
were 31.6 and 17.4 micromoles per 1 ml., while only 5 micromoles of acetyl- 
choline were hydrolyzed. 

A concentrated extract of the electric organ* of Electrophorus electricus 
was tested against acetylcholine and PNPP; the extract was diluted 1:600 
before the assay of cholinesterase. It was found that the extract split 


2 We are indebted to Professor David Nachmansohn of Columbia University for 
the gift of this material. 
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acetylcholine at the rate of 600,000 micromoles and PNPP 1 micromole 
per 1 ml., each in 20 minutes. 

The presence of aliesterase in human red blood cells was demonstrated. 
Because of the depth of color of hemoglobin, it was necessary to use a 
strong light source, and in this technique a 12 volt battery was used in 
the photoelectric colorimeter. 1 ml. of washed, packed red blood cells 
was hemolyzed in 99 ml. of water. 1 ml. of the laked blood was added 
to the buffered substrate and, with the tube in place, the galvanometer 
was adjusted to 100. The experimental tube was then replaced by a tube 
containing 0.5 micromole of p-nitrophenol in 10 ml. of alkali and a reading 
obtained; after the incubation period of the experimental tube was com- 
pleted, the tube was read with the galvanometer adjusted to this setting. 
The activity of the red blood cells against PNPP in three experiments 
amounted to 33 to 38 per cent of the serum at the same dilution, an ap- 
preciable content of aliesterase activity, in confirmation of Richter and 
Croft (16). 


Method 


Reagents— 

u/15 phosphate buffer, pH 7.0. 

0.1 N sodium hydroxide. 

p-Nitrophenol standards. Prepare solutions containing 10 to 70 micro- 
moles per liter of p-nitrophenol, mol. wt. 139.1. 

Substrate—Depending on the substrate required, the following esters 
of p-nitrophenol are dissolved in 10 ml. of methyl alcohol respectively as 
stock solutions: PNPA about 63 mg., PNPP about 65 mg., isobutyrate 
about 71 mg., trimethyl acetate about 79 mg. For the esters n-butyrate, 
isovalerate, or n-valerate, 0.5 ml. is dissolved in 100 ml. of methyl alcohol. 
These solutions may be stored in a refrigerator for 3 or 4 days; of the stock 
methyl alcohol solutions 1 ml. of PNPA, PNPP, or isobutyrate, or 0.67 
ml. of n-butyrate, 0.71 ml. of isovalerate, or 1.0 ml. of n-valerate is diluted 
to 100 ml. with water. Jn diluting the stock methanol solutions in water, 
the tip of the pipette containing the substrate is submerged in the water and 
the volumetric flask is whirled; otherwise precipitation will occur. These 
directions give approximately correct substrate values which are slightly 
stronger than required. A slight precipitation usually takes place with the 
n-valeryl and trimethyl acetyl esters, which is removed by filtration. 

Technique—In order to determine the substrate concentration conven- 
iently, standard curves relating optical density to concentration of p- 
nitrophenol are constructed both for solutions containing 1 ml. of the 
nitrophenol standards and (a) 9 ml. of m/15 phosphate, pH 7, and (b) 
9 ml. of 0.1 ~ sodium hydroxide. The colorimeter readings are made 
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immediately. The galvanometer readings of color intensity are plotted 





on the logarithmic scale against the content of p-nitrophenol in micrograms | 


per 10 ml. on the arithmetic scale of semilog paper. 


Just before the enzyme assay is performed, the substrate concentration | 


is adjusted accurately to 0.333 micromole per ml.; colorimeter readings 
are made on solutions of 1 ml. of the approximately correct substrate soly. 
tion pipetted into 9 ml. of phosphate buffer, which gives the amount of free 
p-nitrophenol in the compound, and also on 1 ml. of substrate added to 
9 ml. of sodium hydroxide. In 0.1 N sodium hydroxide the substrate 
hydrolyzes practically instantaneously. A simple calculation then permits 
the substrate solution to be made up precisely: 

(Micromoles total p-nitrophenol) — (micromoles free p-nitrophenol) x 98 


0.333 


X — 98 = ml. of water to be added to give a concentration of 0.333 micro | 


mole per 1 ml. of dilute substrate. The figure 98 represents the original 
100 ml. volume of dilute substrate minus 2 ml. removed for the tests, 

An Evelyn photoelectric colorimeter with a 400 mz filter and with 
matched colorimeter tubes was used throughout. In running the test 
1 ml. of the liquid to be assayed is mixed with 2 ml. of m/15 phosphate 
buffer and 5 ml. of water and allowed to come to temperature in a water 
bath at 25°. At precise time intervals, usually 1 minute, 2 ml. of the ae- 
curately adjusted substrate is added; the tube is placed in the colorimeter 
and the galvanometer is set at 100; the galvanometer reading when the 
tube is removed is noted, the “air blank.” At 20 minutes the galvanometer 
is again set at this reading, the tube is inserted, and the final reading ob- 
tained. From the standard curve of p-nitrophenol in phosphate buffer 
the amount of p-nitrophenol in micromoles is read and this value minus the 


blank control for non-enzymic hydrolysis is multiplied by the dilution | 


factor. 

In the assay of human and rat serum 1 ml. is diluted to 25 ml. with water; 
for rabbit serum 1 ml. is diluted to 100 ml. 

1 unit of aliesterase activity is defined as that amount of enzyme liberat- 
ing 1 micromole of p-nitrophenol in 20 minutes at 25° and pH 7 in phos 
phate buffer when the substrate is at a concentration of 0.666 micromole 
per 10 ml., provided that not more than 40 per cent of the substrate is 
hydrolyzed. The units are expressed per 1 ml. of the undiluted fluid or 
1 gm. of tissue. 

Results 

Human Sera—167 sera were assayed in duplicate. The range was from 
1.5 to 10.5 units per 1 ml. of undiluted serum; the average error of dupli- 
cates in this series was +1.3 per cent. 

Rates and Patterns of Esterase Action—In nine cases each of normal male 
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human and rat serum, the esterase activity was tested simultaneously both 
at pH 7 and 8.5 against equimolecular solutions of the following esters of 
p-nitrophenol: acetate, propionate, isobutyrate, trimethyl acetate, n- 
butyrate, isovalerate, and n-valerate. When the rates of splitting of the 
esters were expressed in percentage of that ester split at the fastest rate, 
consistency of results (Table II) was observed in different sera of each spe- 
cies. In all cases the esters were split according to a common pattern with 
respect to the acyl radicals, in which acetate, propionate, and isobutyrate 
maintained a fixed relationship to each other, while n-butyrate, isovalerate, 
and n-valerate could also be grouped together. Components of each group 
were hydrolyzed in a fairly close ratio to their congeners, establishing a 
pattern. The relative rate of splitting of the two groups was affected 
considerably by pH and by species differences but the patterns in the 
groups under all circumstances were preserved. 


DISCUSSION 


Aside from advantages of simplicity and accuracy, the chromogenic 
substrates possess the advantage of great sensitivity in the assay of este- 
rase. Vahlquist (21) was unable to demonstrate esterase in human cerebro- 
spinal fluid; with our method in four instances 0.25 to 0.35 unit per 1 ml. 
was observed. 

Our findings obtained with an extract of the electric organ of the eel and 
the serum of rabbits are in agreement with the opinion of most workers 


. that there are at least two types of esterases, cholinesterase and aliesterase. 


In rabbit serum a high aliesterase activity was associated with low cholines- 
terase action, while in the extract of the eel electric organ a very high con- 
tent of cholinesterase was accompanied by insignificantly low splitting 
of PNPP. The p-nitrophenol substrates are preferentially split by ali- 
esterase. 

The enzymic hydrolysis of esters of the lower fatty acids has long at- 
tracted attention. Kastle (9) showed that varying the alkyl group com- 
bined with a lower fatty acid exerted no influence on liver “lipase,” but 
that varying the acid combined with a given alcohol caused great variations 
in the stability of these esters towards the enzyme; he observed that liver 
extracts hydrolyzed, in descending order, methyl esters of butyric, propi- 
onic, and acetic acids. Loevenhart (26) stated that pig liver extracts 
hydrolyzed ethyl propionate more rapidly than ethyl butyrate, whereas 
with pancreatic extracts the reverse was true; these differences were not 
confirmed by Balls and Matlack (27), but, like Kastle (9), they observed 
that a change in the alcohol component of the ester did not materially 
affect the rate of hydrolysis except where the configuration of the carbon 
atom bearing the hydroxyl group is concerned; the splitting of esters of 
secondary and tertiary alcohols occurs only slowly. Dakin (10) found 
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Values expressed as per cent of ester split maximally. 
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Activity of Serum in Hydrolyzing p-Nitrophenyl Esters 

























































































oe Meer cay ©) Rahal i. -£ . —_— 
Determination | festete Propionate ~~ ee n-Butyrate Isovalerate|m-Valent 
Human serum, pH 7 
1 84.3 100 94.7 | 0.01 | 48.7 (26.0 | ge4 
2 89.4 100 98.0 0.005 59.4 28.8 | 66.2 
3 84.2 100 95.2 0.001 42.5 22.9 | 83.6 
4 84.0 100 92.0 0 55.3 25.4 | 85.6 
5 85.0 100 55.0 29.4 
6 80.2 100 52.3 27.5 
7 81.0 100 55.4 29.3 
8 91.0 100 53.2 33.0 
9 86.0 100 56.2 27.2 
Average.....854+3.28 100 94.9 0.004 53.1+4.6 27.742.7, 73.5 
Human serum, pH 8.5 
1 73.5 $2.2 $4.2 | 15.8 | 74.0 (50.8 | 100 
2 88.0 100 99.0 | 14.6 | 78.4 38.1 | 100 
3 78.2 93 90.4 14.9 76.0 47.7 | 100 
Average....|79.9 91.8 91.2 | 15.1 | 76.1 15.5 | 100 
tat serum, pH 7 
1 30.0 62.8 37.8 35.7 100 68.0 97.0 
2 27.3 58.7 35.7 | 31.8 (100 61.6 100 
3 50.4 88.0 33.7 100 52.5 98.5 
4 46.3 77.8 100 55.5 
5 35.2 62.9 100 53.4 
6 39.4 71.5 100 75.2 
7 41.1 76.0 100 70.0 
8 38.3 74.5 100 67.5 
9 33.3 62.0 100 68.0 
Average....37.947.01 70.5410.5 36.7 33.7 100 63.547.8 98.5 
Rat serum, pH 8.5 
diana - _ os a —_____—— 
l 20.3 25 12.85 14.3 64 37.1 | 100 
2 17.8 27.5 16.0 2.: 73.4 $1 | 100 
Average....19.05 26.25 14.42 13.3 68.7 39.05 | 100 








that an extract of hog liver preferentially split the dextrorotatory com- 
ponent from racemic esters of mandelic acid; this problem of optical | 














Iso) 


erate 


4 
}.2 
6 
.6 











C. HUGGINS AND J. LAPIDES 481 


preference of esterase activity (28) has been systematically studied and 

differences found with respect to organs and species. 

Stedman, Stedman, and White (11) found that serum of various animals 
is able to hydrolyze butyrylcholine approximately twice as rapidly as 
acetylcholine. Glick (29) using horse serum found that the enzymic 
hydrolysis occurred in choline esters in the following ratios: n-butyryl 
510, isobutyryl 210, propionyl 325, acetyl 225. The experiments of 
Nachmansohn and Rothenberg (30) were confirmatory; they found that 
human serum split choline esters in the following descending order: buty- 
rylcholine, propionylcholine, and acetylcholine. 

With the p-nitrophenyl esters studied in the present paper, the patterns 
of enzymic hydrolysis were highly dependent on species and pH effects. 
Esters of p-nitrophenol were synthesized with two purposes, first to replace 
hydrogen on the a-carbon of the acyl chain with methyl groups and secondly 
to lengthen the chain. Six esters could be divided according to enzyme 
action into two groups: (a) the shorter acyl chains, acetate, propionate, 
and isobutyrate; (b) the longer acyl groups, n-butyrate, isovalerate, and 
n-valerate. The groups were attacked at different rates by human and 
rat blood, although the patterns in the groups were preserved. 

In human blood at pH 7 the shorter acyl esters are split faster than the 
longer chains, propionate being split fastest.’ At pH 8.5, there is a relative 
decrease in hydrolysis of the shorter chain esters and the longer chain 
units are preferentially split. 

In rat serum, at both pH 7 and 8.5, the shorter acyl esters are split less 
rapidly than the longer groupings; at pH 8.5, hydrolysis of the shorter 
acyl esters is further depressed with reference to the activity at pH 7. 
At pH 7 maximal splitting occurred with n-butyryl and n-valery! esters, 
while at pH 8.5 n-valerate was split with greatest velocity. In all cases 
with both rat and human serum the pattern of enzymic hydrolysis dif- 
fers greatly from hydroxyl ion hydrolysis (Fig. 2). 

The replacement of the hydrogen atoms on the a-carbon of the acetyl] 
group by methyl groups requires special comment. In the p-nitrophenyl 
acetate esters, substitution of one methyl group (propionate) and two 
methyl groups (isobutyrate) enhances the rate of splitting compared with 
PNPA, while three methyl groups (trimethyl acetate) greatly decrease 
the rate of enzymic attack by serum. Human serum hydrolyzed the 
trimethyl acetate ester practically not at all at pH 7, while definite splitting 
occurred at pH 8.5; rat serum, on the contrary, split this ester better at 
pH 7 than at pH 8.5. 


SUMMARY 


1. The following esters of p-nitrophenol were synthesized: propionate, 
isobutyrate, trimethyl acetate, n-butyrate, isovalerate, and n-valerate. 
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2. Conditions were established by which the content of esterase was 
related to the amount of p-nitrophenol liberated in a proportional relation. 
ship permitting the use of these substrates as assay methods. 

3. These substrates are preferentially split by the common aliesterage 
of serum in contrast to cholinesterase. The enzymic hydrolysis is greatly 
depressed by appropriate amounts of eserine, ethyl carbamate, tetraethy! 
ammonium chloride, sodium chloride, and potassium chloride. ; 

4. With reference to the sera of man and rat, there is an optimum length 
of the acyl chain for enzymic hydrolysis which differs in the two species, 
and the esters are split preferentially in patterns. The effect of pH on 
preferential splitting of the acyl esters is considerable. 
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THE UTILIZATION OF LEUCINE DERIVATIVES BY A 
MUTANT STRAIN OF ESCHERICHIA COLI* 


By SOFIA SIMMONDS, E. L. TATUM, anno JOSEPH 8S. FRUTON 


(From the Departments of Botany and Microbiology and of 
Physiological Chemistry, Yale University, New Haven) 


(Received for publication, June 27, 1947) 


The ability of suitable strains of Escherichia coli to use certain peptides 
and other derivatives of phenylalanine and tyrosine as growth factors in 
place of the free amino acids has been reported recently from these labora- 
tories (1). In the present communication, there are described the results 
of a study of the growth-promoting action of derivatives of leucine for a 
leucineless mutant strain. 

The leucineless strain is a double mutant of strain K-12 of Escherichia 
sli and differs from the latter by its requirement for exogenous sources of 
threonine and leucine (2). The threonine requirement of the double 
mutant was induced by the irradiation of strain K-12 with x-rays (3). 
A second treatment of the resultant threonineless mutant (strain 679) 
with x-rays produced the double mutant (strain 679-680) requiring leucine 
as well as threonine (2). The experiments reported here are concerned 
only with the leucine requirement, and, in all the tests, the culture media 
contained ample pi-threonine (0.5 mg. per 10 ml.) to meet the require- 
ment for that compound. In the following discussion, therefore, strain 
679-680 will be considered as a leucineless strain. 

Testing Methods—The methods used to study the ability of the mutant 
to use leucine and its derivatives were similar to those described pre- 
viously (1). Tests were carried out with 10 ml. of leucine-free minimal 
medium (3), to which threonine and the test compound were added prior 
to sterilization by autoclaving. After inoculation with a drop of an 
aqueous suspension of cells, the cultures were incubated at 30° for 24 
hours. For test compounds which proved to be active, a complete growth 
curve with graded amounts of compound was obtained, and the molar 
concentration of the compound producing half maximal growth was 
estimated from this curve. The amount of growth was determined by 
density measurements in the Evelyn photoelectric colorimeter with a 
No. 540 filter. The relative activity of a test substance as compared to 
leucine was calculated from the curves for the test and reference com- 
pounds obtained on the same day. 


*These studies were aided by grants from the Williams-Waterman Fund of the 
Research Corporation and from the Rockefeller Foundation. 
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Compounds which did not replace leucine as a growth factor for the 
mutant were tested for possible sparing action on the leucine requirement, 
For these tests, the minimal medium was made up with sufficient leucine 
to permit approximately half maximal growth of the organism, and the 
growth obtained on addition of the test compound was measured as usual. 


Taste | 
Effect of Leucine Derivatives on Growth of Leucineless Mutant Strain 








Sparing action on 


Activity as growth factor leucine requiremen 
t 








Compound : | Maximal 
Quantity, per Maximal quantity, 
10 ml., for half quantity, per 10 | per 10 ml, 
maximal crowth ml., used in test | used in 
test 
mu X 104 mu X 104 mu X 1 
L-Leucine* + 2.2 
p-Leucine* - 75 _ 75 
pL-Leucinet + 4.4 
L-Leucylglycine} + 2.8 
p-Leucylglycinet + 128 (Ca 
N-Methyl-pi-leucylglycine (4) § - 50 - 100 
L-Leucylglycylglycinet + 2.4 
p-Leucylglycylglycinet - 86 (Ca.) 
L-Leucyl-L-tyrosinet 3.2 
L-Leucinamide acetate (5) Se 30 
p-Leucinamide acetate (5) - 53 — 158 
Glycyl-L-leucineft + 2.5 
Glycyl-p-leucine (6) - 106 — 103 
Glycylglycyl-t-leucylglycine (7) + 3.7 
Triglycyl-.-leucylglycine (7) 6.9 
Carbobenzoxyglycyl-t-leucine (8 + 1100 (Ca.) 
Acetyl-t-leucine (9) - 173 + 
Acetyl-pL-leucinamide (10) — 58 } — 262 
Acetyldehydroleucine (11) — 60 - 60 
Acetyldehydroleucinamide (11) ~ 58 — 116 
Acetyldehydroleucylglycine (11) — 44 —- &8 


* Kindly supplied by Dr. W. H. Stein. The purity of these samples was estab- 
lished by the method of Moore and Stein (12). 

+ Merck preparation. 

t Hoffmann-La Roche preparation. 

§ The figures in parentheses are bibliographic reference numbers. 


It should be borne in mind that compounds which proved to be inactive 
by the testing methods employed in these studies may actually be capable, 
under different experimental conditions, of replacing leucine as a growth 


factor or of sparing the leucine requirement of the leucineless mutant. 
Leucine Requirement—Under the conditions employed in this study, the 
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concentration of L-leucine required to produce half maximal growth of 
strain 679-680 was 0.029 mg., or 2.2 X 10~ mm, per 10 ml. of medium 

(Table I). Similarly, the concentration of pi-leucine for half maximal 
growth was 4.4 X 10‘ mm. pD-Leucine was inactive as a growth factor 
in concentrations up to 75 & 10-* mm per 10 ml. of medium and, in these 
concentrations, had neither a sparing action nor an inhibitory effect on 
the growth obtained in the presence of 2 X 10~ mo of the L form. DL- 
Jsoleucine, in concentrations up to 23 X 10~ mm per 10 ml., was neither 
active in place of leucine nor inhibitory to growth in the presence of leucine. 

Utilization of Leucine Peptides—As shown in Table I, all of the peptides 
of t-leucine which were tested served as growth factors for the mutant. 
t-Leucylglycine, L-leucylglycylglycine, and glycyl-t-leucine were approx- 
imately as active as L-leucine. The activity of diglycyl-t-leucylglycine 
and triglycyl-L-leucylglycine was somewhat less than that of the di- and 
tripeptides, but even the pentapeptide had about one-third the activity 
of t-leucine. L-Leucinamide, however, was relatively inactive. 

The suggestion was made previously (1) that peptides of an amino acid 
which is required for growth by a mutant strain of Escherichia coli must be 
hydrolyzed by the bacterial enzymes before the essential amino acid 
becomes available as a growth factor. The fact that none of the leucine 
peptides mentioned above was more active than leucine itself is consistent 
with this view. The relative activity of the leucine derivatives in pro- 
moting the growth of the leucineless strain is similar to that of corre- 
sponding derivatives of phenylalanine and of tyrosine for the phenylalanine- 
less and tyrosineless strains (1). Thus, the dipeptides of the essential 
amino acid and glycine were approximately as active as the essential 
amino acid itself, while the amino acid amide was considerably less active, 
and the carbobenzoxyglycyl derivative showed only a slight activity. 
These differences in the rate of utilization of the leucine derivatives may 
be taken to indicate comparable differences in the rate of cleavage of these 
compounds by the bacterial peptidases. 

Although the dipeptides of glycine and t-leucine were, on a molar basis, 
as active as L-leucine with respect to the amounts required to produce 
half maximal growth, these dipeptides were markedly inhibitory at high 
concentrations. As can be seen in Fig. 1, t-leucine was not inhibitory in 
concentrations up to 1 mg. (76 X 10-* mm) per 10 ml. of medium. Only 
slight inhibition was noted for t-leucylglycylglycine, diglycyl-t-leucyl- 
glycine, and triglycyl-t-leucylglycine at concentrations of 30 to 50 X 10~ 
ma, but very striking inhibition was observed for similar concentrations of 
ulycyl-t-leucine and t-leucylglycine. On the other hand, t-leucyl-t- 
tyrosine did not show significant inhibition in concentrations up to 102 
X 10“ mm. 
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In the presence of sufficient L-leucine (2 X 10-* mM) to permit half 
maximal growth, glycyl-t-leucine and t-leucylglycine (1 mg., or 53 x 
10-* mma, per 10 ml. of medium) did not spare the requirement of the 
mutant for L-leucine, although a sparing action would be expected on the 
basis of the growth-promoting action of the dipeptides. The extent of 
growth actually obtained in the presence of the dipeptides was approyi- 
mately equal to that obtained with the same amount of L-leucine in the 
absence of the dipeptides. The dipeptides, therefore, must have exerted 
an inhibitory effect in this test. In another test in which 23 X 10~ my 
of t-leucine, i.e., enough leucine for maximal growth, was present in 10 
ml. of medium, the addition of 53 X 10~‘ mm of either of the dipeptides 
resulted in growth equivalent to only 40 per cent of the maximum. 
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mM x 104 COMPOUND 
Fic. 1. The effect of leucine peptides on the growth of the leucineless mutant of 
Escherichia coli. @ u-leucine; + glycyl-t-leucine; X t-leucylglycine; A t-leucyl- 
glycylglycine; 0 diglycyl-t-leucylglycine; O triglycyl-i-leucylglycine. 


The inhibition of bacterial growth produced by glycyl-t-leucine and 
L-leucylglycine cannot be ascribed to the glycine liberated on hydrolysis 
of the dipeptides, since mixtures of equimolar amounts of glycine and 
L-leucine, in concentrations up to 76 X 10-* mm of each amino acid, had 
exactly the same activity as L-leucine alone. Furthermore, the longer 
peptides which contained two or more glycine residues per molecule were 


only slightly inhibitory. It is of interest that glycyl-t-leucine and L- | 


leucylglycine also were inhibitory to the wild type strain (K-12) of Escher- 
ichia coli. This organism gave maximal growth in the presence of 53 
< 10~ mo or less of either dipeptide, but was completely inhibited in the 


presence of 15.9 XK 10~ mm. 
The following derivatives of p-leucine were also investigated with the 
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leucineless mutant: D-leucylglycine, p-leucylglycylglycine, p-leucinamide 
acetate, and glycyl-p-leucine (Table I). Only the first two compounds 
exhibited any growth-promoting activity, which corresponded to 2 to 3 

r cent of that of the L isomers. The activity of p-leucylglycine and 
p-leucylglycylglycine, both of which are commercial preparations, may 
well be due to traces of the L isomers present in the samples. 

Utilization of Acetyl-L-leucine—Although acetyl-t-leucine did not replace 
i-leucine as a growth factor for the leucineless mutant, it did exert a sparing 
action on the leucine requirement. The addition of increasing amounts 
of acetylleucine to a culture medium containing 2 X 10~ mm of L-leucine 
per 10 ml. gave significantly more growth than was expected from the 
quantity of L-leucine used. This stimulation of growth is not due to 
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mM x 104 COMPOUND 


Fic. 2. The sparing action of acetyl-t-leucine on the leucine requirement of the 
leucineless mutant of Escherichia coli. © w-leucine; A t-leucine plus acetyl-1- 
leucine. 


traces of t-leucine admixed with the acetyl compound, since no growth- 
promoting action could be detected in the absence of t-leucine with con- 
centrations of acetyl-L-leucine as high as 173 XK 10-* mm. The presence 
of even 0.3 per cent of L-leucine in such a sample of acetyl-L-leucine would 
have been sufficient to produce detectable growth. 

As shown in Fig. 2, the degree to which the requirement for L-leucine 
could be spared by acetyl-t-leucine was dependent upon the amount of 
L-leucine present in the medium. The conversion of the acetyl derivative 
to leucine, or to some compound with leucine activity, apparently is the 
result of a metabolic process associated with growth. In agreement with 
this view is the fact that growing cells of the wild type strain (K-12) were 
found to be capable of converting acetylleucine to a compound which is a 
growth factor for the leucineless mutant.” When K-12 was grown for 24 
hours at 30° in 10 ml. of medium containing 2 mg. of acetyl-1-leucine, a 
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microbiological assay of the resultant medium indicated the presence of 
L-leucine, or of a substance with t-leucine activity, in an amount equivalent 
to about 12 per cent of the starting material. Resting cells of the wild 
type strain did not bring about this conversion. The presence of some 
unchanged acetyl-L-leucine in the medium in which K-12 cells were grown 
was also demonstrated by sparing action tests with the leucineless mutant, 

The ability of both the wild type strain and the mutant to convert 
acetylleucine to leucine, or a leucine-like compound, is in accord with the 
view that the metabolism of the parent strain and that of a mutant arising 
from it are identical, except for the metabolic reaction governed by the 
gene which has undergone mutation (13). In the present case, it is ap- 
parent that the mutation responsible for the leucine requirement is not 
connected with the metabolism of acetylleucine by Escherichia colli. 

The conversion of acetyl-t-leucine to the corresponding amide appears 
to suppress the sparing action. As has been noted above, the conversion 
of an amino acid to its amide was found to reduce markedly its growth- 
promoting action. In the case of acetyl-t-leucine, such a conversion 
decreased more than 100-fold the sparing action characteristic of the par- 
ent compound. 

The response of the leucineless mutant to acetylleucine is quite distinct 
from that of the phenylalanineless and tyrosineless mutants. For these 
latter mutants, acetylphenylalanine and acetyltyrosine neither filled nor 
spared the amino acid requirement (1). It is of interest in this connection 
that the original K-12 strain was found to be incapable of hydrolyzing 
acetyltyrosine (14). 

Effect of Derivatives of Dehydroleucine—In order to examine further the 
possible metabolic réle of dehydroamino acids (cf. (1, 14)), several de- 
rivatives of a, 8-dehydroleucine were assayed as potential growth factors 
for the leucineless mutant. Acetyldehydroleucine, acetyldehydroleucin- 
amide, and acetyldehydroleucylglycine were inactive in the growth tests; 
nor did they exert a sparing action on the leucine requirement of the 
mutant (Table I). In the case of acetyldehydroleucine, at least, a sparing 
action should have been demonstrable if the mutant was able to reduce 
the a,8-double bond to yield acetyl-t-leucine. Experiments in which the 
disappearance of the a,8-double bond in derivatives of dehydroamino 
acids was followed spectrophotometrically had indicated that growing 
cultures of Escherichia coli strain K-12 did not readily metabolize acetyl- 
dehydroleucine (14). The inactivity of that compound in the tests with 
the leucineless mutant strain, therefore, is not unexpected. 


SUMMARY 


The utilization of derivatives of leucine has been studied with an x-ray- 
induced mutant strain of Escherichia coli which requires for growth an 
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exogenous source of L-leucine. All of the leucine peptides which were 
tested were found to serve as growth factors for the leucineless mutant. 
Acetylleucine, however, was not an active growth factor, although it did 
spare the requirement of the mutant for L-leucine. Derivatives of de- 
hydroleucine were neither active growth factors nor did they spare the 
leucine requirement. 
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A CHEMICAL METHOD FOR THE DETERMINATION OF 
STREPTOMYCIN IN BLOOD AND SPINAL FLUID* 


By GEORGE E. BOXER anv VIOLA C. JELINEK 
(From the Research Laboratories of Merck and Company, Inc., Rahway, New Jersey) 


(Received for publication, June 27, 1947) 


The clinical application of streptomycin, as for any other potent drug, 
requires reliable information on blood levels of the drug. Microbiological 
assays will give estimates subject to wide variations unless a sufficient num- 
ber are performed to permit statistical evaluation. The need for a rea- 
sonably simple and reproducible chemical assay for streptomycin in blood 
is apparent. 

We have previously described chemical methods for the assay of strep- 
tomycin in clinical preparations, nutrient broth, and urine (1), which were 
based on the formation of maltol from streptomycin by treatment with 
alkali. These methods have satisfactory specificity and reproducibility, 
but the lower limit of sensitivity was 30 y of streptomycin. Since the 
concentration of streptomycin in the blood which is of clinical interest 
is in the order of magnitude of 1 to 30 y per ml., a more sensitive method is 
necessary. 

The early work on the structure of streptomycin indicated the presence 
of a reactive carbonyl group (2) and of guanido groups (3). On acid hy- 
drolysis (4) streptomycin is cleaved into streptidine, containing the strongly 
basic guanido groups, and streptobiosamine, which contains the carbonyl 
group. The determination of streptomycin described in this paper is 
based on the presence of the reactive carbonyl group together with the 
strongly basic groups on 1 molecule. Since the presence of these two 
functional groups in the same molecule is quite rare in biological materials, 
the method is highly specific. 

In general, a substituted hydrazine can be used as a carbonyl reagent 
for the assay of streptomycin if the following conditions are fulfilled: 
The streptomycin hydrazone must be measurable by direct or indirect 
color formation, fluorescence, or ultraviolet absorption. The excess rea- 
gent together with the hydrazones of acidic, neutral, and weakly basic 
compounds must be separable from the strongly basic streptomycin hy- 
drazone. Of particular importance in blood assays is the separation from 
the hydrazones of reducing sugars, amino sugars, keto acids, and from the 
possible cleavage products of streptomycin such as N-methyl-t-glucosamine 
6) and streptobiosamine. The reagent should also be reasonably stable. 


* This paper was presented at the meeting of the Federation of American Societies 
for Experimental Biology, Chicago, May, 1947 (Federation Proc., 6, 241 (1947)). 
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For example, 2,4-dinitrophenylhydrazine fulfilled these requirements, 
forming a hydrazone of streptomycin in acid solution at room temperature, 
The excess reagent and other hydrazones were separated by two extrac. 
tions with butyl acetate from the acid solution, and the 2 ,4-dinitrophenyl. 
hydrazone of streptomycin was measured colorimetrically in alkaline 
solution. The lower limit of sensitivity with this reagent was 50 ¥ of 
streptomycin, insufficient for determination in blood. 

In order to measure the minute quantities of streptomycin in blood, 
it was expected that a fluorescent hydrazine might provide a reagent of 
the necessary sensitivity. Of a limited number of hydrazines of acridineg, 
quinolines, and anthraquinones prepared and tested, 9-hydrazinoacridine 
hydrochloride was found to have all of the required properties, particularly 
the necessary sensitivity to measure 1 y of streptomycin. 


EXPERIMENTAL 


Preparation of 9-Hydrazinoacridine Hydrochloride (6)—15 gm. of 9. 
chloroacridine, readily obtained from N-phenylanthranilic acid (7), were 
dissolved by heating in 400 ml. of 95 per cent ethanol containing 30 nl. 
of 85 per cent hydrazine hydrate. After refluxing for 6 hours, the hot 
mixture was poured into 400 ml. of 6 N hydrochloric acid with vigorous 
stirring and external cooling. 200 gm. of cracked ice were added and the 
mixture was refrigerated overnight. The crude product was washed three 
times with 1 n hydrochloric acid, five times with a mixture of ethanol and 
concentrated hydrochloric acid (10:1), three times with chloroform, and 
three times with ether saturated with concentrated hydrochloric acid. 
The crude material was recrystallized, half the weight of charcoal and 75 
volumes of 50 per cent ethanol being used. The crystals were washed 
with 50 per cent ethanol, then with the ethanol-hydrochloric acid mixture 
until the washings remained straw-yellow, and finally with ether saturated 
with concentrated hydrochloric acid. 

Further recrystallizations, one or two were sufficient, were carried out 
with 90 to 100 volumes of 50 per cent ethanol containing 1 ml. of concen- 
trated hydrochloric acid per 100 ml. After each recrystallization, the 
product was washed with the ethanol-hydrochloric acid mixture until the 
washings were straw-yellow. The final product of fine, yellow-green 
needles weighed 7.5 to 8.0 gm., 45 to 50 per cent of theory. 


CyHi2NsCl. Calculated. C 63.54, H 4.92, N 17.10, Cl 14.43 
Found. ** 63.71, “* 4.73, “© 17.00, ‘* 14.61 


Determination of Streptomycin in Aqueous Solution 


Reagents— 
3 Nn hydrochloric acid. 
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Benzyl alcohol-carbon tetrachloride mixture (10:1). 

9-Hydrazinoacridine hydrochloride solution contaiming 5 mg. of 9- 
hydrazinoacridine hydrochloride per 1 ml. of a mixture of equal parts of 
water, methanol, and butanol. The reagent was stable for 1 week in the 
refrigerator. 

Procedure—To 14 ml. of a solution containing from 0.05 to 1.57 of 
streptomycin per ml., was added 1 ml. of 3 n hydrochloric acid followed by 
3 ml. of the 9-hydrazinoacridine reagent. The reaction mixture was 
placed in an oven at 37° + 1° for an overnight period of 16 hours. 

After hydrazone formation, the excess hydrazine reagent and other hy- 
dragzones which are acidic, neutral, or less basic than the hydrazone of 
streptomycin were separated from the basic acridylhydrazone of strepto- 
mycin by three extractions with the benzyl alcohol mixture. Carbon 
tetrachloride was added to the benzyl alcohol to increase the specific 
gravity and thus facilitate phase separation. The first extraction was with 
2 ml. of benzyl alcohol mixture together with 2 ml. of concentrated hy- 
drochloric acid. The benzyl aleohol and the concentrated hydrochloric 
acid must be added separately and not combined as a reagent. The second 
extraction was with 20 ml. of benzyl aleohol mixture alone, and in the third 
extraction 2 ml. of concentrated hydrochloric acid were used with the 20 
ml. of benzyl alcohol in order to maintain a high acid concentration. Each 
extraction consisted of vigorous shaking for 15 seconds. Only one set of 
separatory funnels was necessary, since the benzyl alcohol is the heavier, 
lower phase and was discarded after each extraction. 

A few precautions were necessary for the successful separation by the 
extraction procedure. The number of samples extracted at one time should 
be limited to four, and the extractions should be completed as rapidly as 
possible in dim light to minimize the usual deleterious effect of light on 
fluorescence measurements. A shaded hood was used for the extractions, 
but the employment of red, low actinic Corning glassware may be preferred. 
The excess 9-hydrazinoacridine hydrochloride was removed quantitatively 
only if care was taken to wash traces from the stopper and mouth of the 
separatory funnel by rinsing with the stream of benzyl alcohol as it was 
added for the second and third extractions. Cello-Seal, containing only a 
small amount of fluorescent material, was the lubricant used for the 
stop-cocks. 

Following the third extraction, the water phase (15.5 to 16 ml.) con- 
taining the hydrazone of streptomycin hydrochloride was centrifuged, and 
approximately 15 ml. were pipetted into a 10 XK 40 mm. cuvette. In the 
Pfaltz and Bauer fluorophotometer used for measuring the intensity of 
the fluorescence, a Corning glass filter, No. 5113, 2 mm. thick, was placed 
inthe path of the incident bean, and a Corning filter No. 3385, 1.50 mm. 
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in thickness, was placed between the sample and the photocell. The 
fluorophotometer was arbitrarily adjusted to a constant light intensity 
of 100 on the galvanometer scale with a standard fluorescent glass block 
used in the assay of riboflavin! (8). The block setting was checked before 
and after the reading of each unknown solution to prevent possible errogs 
due to variation in lamp current. 

Calibration—According to definition, 1 unit of streptomycin is equal to 
1 y of streptomycin free base. A sample of crystalline streptomycin 
trihydrochloride-calcium chloride double salt (9) was the standard used 
in the calibration. Two micro samples were weighed, one for the solution 
to be used for the calibration, the other for a moisture determination in 
order to correct for the water in the sample (1). The procedure described 
was used with amounts of streptomycin varying from | to 20 y, and the 
fluorescence was strictly proportional to the streptomycin concentration 
over the entire range. The calibration should be repeated whenever a new 
batch of 9-hydrazinoacridine hydrochloride is obtained. In our experience 
the same calibration curve was obtained with each new preparation. 


Determination of Streptomycin in Blood 


The procedure just described was applicable to the determination of 
streptomycin in aqueous solution and in spinal fluid. However, when this 
method was applied to blood or plasma, the preparation of a protein-free 
filtrate was necessary prior to reaction with the hydrazine. 

The deproteinizing agent must fulfil two requirements: it must not 
form a precipitate with the 9-hydrazinoacridine hydrochloride, and there 
should be minimum adsorption of streptomycin on the protein precipitate. 
The usual acid deproteinizing agents precipitate the 9-hydrazinoacridine 
unless removed prior to hydrazone formation. For example, trichloro- 
acetic acid was suitable only if the excess trichloroacetic acid was removed 
from the filtrate by one extraction with benzyl alcohol. 

For plasma and serum the deproteinization method of Somogyi (10) 
with a 1:20 dilution was found to be the simplest and did not interfere 
with the hydrazone formation. 1 ml. of plasma containing 1 to 30 of 
streptomycin was diluted with 17 ml. of water, and 1 ml. of 10 per cent 
zine sulfate was added, followed by 1 ml. of 0.5 N NaOH. 

If the concentration of streptomycin in 1 ml. of plasma was 1 to 30 7, 
a 14 ml. aliquot of the filtrate was used. A higher concentration than 307 
of streptomycin per ml. of plasma necessitated a correspondingly smaller 
aliquot containing not more than 20 y of streptomycin. This appropriate 
aliquot, if it was not 14 ml., was diluted to a volume of 14 ml. with water, 
and the streptomycin was determined as previously described. 


! Pfaltz and Bauer, Inc., New York, catalogue 609. 
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By the use of the 14 ml. aliquot of the blood filtrate, seven-tenths of the 
total amount of streptomycin in 1 ml. of plasma was measured, which was 
taken into account in using the calibration curve. 

Some adsorption of streptomycin on the protein precipitate occurred; 
however, the amount adsorbed was small, since a 1:20 dilution was used 
in the deproteinization procedure. The recovery of 0.7 to 21.0 y of strep- 
tomycin added to 1 ml. of normal human plasma is reported in Table I. 

The average recovery was 92 + 4 per cent. Therefore, to correct for 
adsorption, the value obtained from the calibration curve was divided 


by 0.92. 


TaBLe I 


Recovery of Streptomycin Added to Human Serum 





Streptomycin 
Per cent recovered 

















y per ml. ¥ per ml. 
0.7 0.7 100.0 
1.4 1.2 85.0 
2.1 2.0 93.4 
2.8 2.7 96.5 
3.5 3.1 90.0 
7.0 6.6 94.0 
10.5 9.4 89.3 
14.0 12.9 92.2 
17.5 16.5 94.5 
21.0 18.8 89.5 
DISCUSSION 


The optimal conditions for hydrazone formation were studied. The reac- 
tion occurred only in acid solution, but the acid concentration was not 
crucial, maximal values being obtained in concentrations varying from 0.1 
to 0.6 n. A concentration of hydrochloric acid near the lower limit was 
chosen in order to minimize possible cleavage of the streptomycin molecule. 

The reaction temperature of 37° for an overnight period of 16 hours was 
adopted after a study of the rate of hydrazone formation at various tem- 
peratures. 

From Fig. 1 it is apparent that the initial rate of hvdrazone formation 
was rapid at 100°. However, cleavage of the streptomycin prior to hydra- 
zone formation and the destruction of the streptomycin hydrazone prevent 
maximal values. Nevertheless, if a very rapid assay should be required, 
reaction at 100° for 25 minutes might be considered if half the sensitivity 
is sufficient. At 50° hydrazone formation predominated, and the de- 
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struction of the streptomycin hydrazone occurred slowly, but maximal 
values were reached at 7 to 8 hours, a technically inconvenient time. At 
room temperature the rate was too slow to be practical. Hydrazone forma- 
tion was complete at 37° after 14 hours, and the hydrazone was stable for 
at least 48 hours. 

The extraction with the benzyl alcohol mixture removed the excess rea- 
gent quantitatively, since the reagent blank was within 1 or 2 deflections 
of the instrument blank with water. The blank value for 1 ml. of normal 
plasma or serum of various species (man, dog, cat, rat, and guinea pig) 
was nearly constant, and on our instrument was 7 + 1 deflections, a value 
within 2 to 3 deflections of the instrument blank. This average blank 
reading for normal plasma may be assumed with negligible error for sub- 
traction from the total galvanometer reading when the concentration of 
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Fic. 1. Rate of formation of the acridylhydrazone of streptomycin 


streptomycin is greater than 5 y per ml. of plasma. However, when maxi- 
mal accuracy is necessary, particularly with samples containing low concen- 
trations of streptomycin, a blood sample prior to streptomycin adminis- 
tration should be obtained and used for an accurate plasma blank. 

The addition of concentrated hydrochloric acid in the first and third 
extractions was found to be necessary to insure a satisfactory plasma blank 
and to obtain optimal fluorescence. The benzyl alcohol and the concen- 
trated hydrochloric acid should not be combined as a single reagent, since 
in our experience such a mixture formed measurable quantities of water- 
soluble fluorescent materials on prolonged standing. 

The specificity of the method was studied with a series of carbonyl com- 
pounds which might interfere. Readings comparable to the reagent blank 
were obtained with 1 mg. quantities of glucose, fructose, and galactose. 
Acetone, acetaldehyde, ethyl acetoacetate, and pyruvic acid did not 
interfere in similar amounts. Salicylaldehyde, benzaldehyde, and furfural 
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in quantities of 1 mg. immediately formed insoluble hydrazones, but they 
were removed on extraction and the aqueous phase gave the usual blank 
reading. ‘The hydrazones of the weakly basic cleavage products of strep- 
tomycin, streptobiosamine, and N-methyl-t-glucosamine were extracted 
quantitatively from the aqueous phase. Obviously, any substance which 
is inherently fluorescent and which is not extracted by benzyl alcohol would 
interfere, but such a material was not encountered in normal blood or 
spinal fluid. 

The reproducibility was demonstrated in a series of twenty-six deter- 
minations on quantities of the standard sample varying from 0.7 to 17.5 














TaBL_e II 
Comparison of Chemical with Microbiological Assay in Human Serum 
_ _——_ - —— Stes Bessie 

Cas | biological mercent of Cezar"! | biological | per ceatof|Cactay™ | bola | pa ent 

assay assay | assay 

ayn ml. vy per ml. y perml. vy permil. y perml.| vy permil. | 

33.4 28.0 84 15.9 17.9 113 6.5 6.5 100 
33.2 38.2 115 2:5 15.5 117 6.5 5.3 82 
32.1 40.0 125 11.8 12.5 106 6.2 6.3 102 
31.6 36.3 115 11.5 8.6 75 1 6.4 105 
28.0 36.3 130 11.3 11.9 105 5.9 8.2 139 
27.0 31.8 118 10.4 10.9 105 5.8 4.5 78 
25.3 30.0 118 9.3 8.8 95 5.4 6.2 115 
24.5 22.2 91 a 8.7 105 5.3 5.5 104 
22.3 24:9 112 8.3 7.8 4 4.6 5.2 113 
22.0 22.4 102 8.3 8.5 102 4.6 4.7 102 
20.8 23.1 111 rr 7.9 103 4.5 4.4 98 
20.0 23.4 117 7.4 6.6 89 4.5 4.5 100 
17.8 17.5 9S 7.3 5.1 70 4.0 4.3 107 
17.2 19.7 114 7.0 1.3 104 4.0 4.2 105 
16.7 19.4 116 6.9 6.7 97 2.5 2.6 104 


7 of streptomycin. The standard deviation for the entire range was +6.0 
per cent; for quantities of streptomycin from 3.5 to 17.5 y, the deviation 
was +4 per cent; and for quantities at the lower limit, 0.7 to 2.8 y, the 
deviation was +10 per cent. 

A comparison of the chemical with the microbiological assay on forty-five 
samples of human serum is reported in Table IT. 

Over the entire range of streptomycin concentration, the microbiological 
value was found to be 105 + 14 per cent, if the chemical assay was arbi- 
trarily taken as 100 per cent. 

The fluorometric and the colorimetric assay, based on maltol formation, 
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agreed for streptomycin samples of any potency within the stated limits 
of error. From this observation, and the properties described by Fried 
and Titus (11), streptomycin B appears to behave in this test as does 
streptomycin. If impure preparations containing mixtures of the two 
streptomycins are assayed, consistent agreement with the microbiologic 
assay can only be expected if a test organism is chosen for the microbiolog- 
ical assay which has identical sensitivity towards streptomycins A and B, 

The distribution of the drug between plasma and erythrocytes was deter- 
mined. Microbiological assays have indicated that only small amounts 


Taste III 
Distribution of Streptomycin between Plasma and Erythrocytes of Dogs after 
Intramuscular Injection 





Streptomycin in 














Hematocrit : Erythocytes as 
Whole blood Plasma Erytheocyees per — See 
per cent y per mi. y per mi. y per mi. 
47.0 23.5 42.5 +1.9 +4.5 
52.0 17.3 32.2 +3.5 +10.8 
51.0 17.0 32.8 +1.8 +5.4 
48.5 14.7 28.0 +0.6 +2.2 
46.5 14.2 25.8 +0.9 +3.3 
44.0 13.0 24.0 —1.1 —4.8 
42.0 11.0 19.0 0.0 0.0 
38 .0 8.5 14.0 —0.5 —3.8 
49.5 7.8 14.9 +0.5 +3.4 
41.0 6.5 11.0 0.0 0.0 
44.0 5.0 9.0 —0.1 —1.0 
49.5 3.6 8.1 —1.0 —12.5 
49.5 2.5 4.8 +0.2 +3.4 
Average +0.8 
Deviation ‘ +5.7 





of streptomycin, if any, entered the erythrocyte (12). The hematocrit 
value and the concentration of streptomycin in the whole blood and plasma 
were determined after injection of normal dogs with the drug. 

From Table III it is apparent that no significant amounts of strep- 
tomycin were found by the chemical method in the erythrocyte. Thus 
under ordinary circumstances, the streptomycin concentration was meas- 
ured in the plasma or serum rather than in the whole blood. 

This method has been applied to the study of problems which require 
the accurate determination of the blood levels of streptomycin. The rate 
of decrease of streptomycin in the blood of man and dog following intra- 
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muscular injection of various amounts of the drug will be reported in a 
separate paper. 


Determination of Streptomycin in Spinal Fluid 


The fluorometric method has been used for the assay of streptomycin 
in spinal fluid. Usually deproteinization was not necessary, since the 
same values were obtained on any given spinal fluid with or without de- 
proteinization. However, in certain pathological specimens of high protein 
content, deproteinization of 1 ml. of spinal fluid with zine hydroxide as 
described for plasma might be necessary. Generally 1 ml. of spinal fluid 
was diluted to 14 ml. and the procedure for the determination of strepto- 
mycin in aqueous solution was followed. 








TABLE IV 
Comparison of Chemical with Microbiological Assay in Human Spinal Fluids 
Chemical assay Microbiological assay — "~~ ¥ cent of 
¥ per mi. 7 per mi. 
20.0 13.3 66 
19.1 16.1 84 
17.8 15.6 8&8 
16.3 15.6 96 
15.5 10.8 70 
14.7 12.1 82 
14.6 14.1 97 
13.4 | 13.4 100 
9.4 7.9 82 
7.8 7.6 96 
5.8 4.8 83 
4.5 3.3 73 





When streptomycin was added to 1 ml. of normal buman spinal fluid, 
the recovery was found to be 100 + 3 per cent. The blank with | ml. of 
normal spinal fluid was the same as for plasma, and was within 2 to 3 de- 
flections of the instrument blank. 

Comparison of the chemical with the microbiological assay on twelve 
samples of spinal fluid obtained from patients under streptomycin therapy 
is reported in Table IV. 

The microbiological value was found to be 85 + 11 per cent, if the 
chemical assay was arbitrarily taken as 100 per cent. Agreement of the 
chemical with the microbiological values could not be expected in all cases, 
since there is a considerably larger variation in the microbiological assay 
of streptomycin in spinal fluid than in plasma. 
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Further Applications 

The extension of this procedure to the assay of streptomycin in urine and 
tissues is under investigation. 

The principle used in this method for the determination of streptomycin 
is, of course, applicable to any reactive carbonyl compound which has an 
additional functional group or characteristic property which permits 
quantitative separation from the excess reagent. For example, the 9. 
hydrazinoacridmne hydrochloride can be used for the determination of ex. 
tremely small amounts of pyruvic acid or keto acids in general, if advantage 
is taken of the acidic group for the separation. 

SUMMARY 

A fluorometric method for the determination of streptomycin in blood 
and spinal fluid is described. The lower limit of sensitivity is 1 y of strep. 
tomycin. 

The basis of the method is the formation of a hydrazone of streptomycin 
with the fluorescent 9-hydrazinoacridine hydrochloride. The excess rea- 
gent, together with the hydrazones of acidic, neutral, and weakly basic 
compounds, is separated from the strongly basic streptomycin hydrazone 
by extraction from acid solution with benzyl alcohol. The reproducibility 
of the method is +6 per cent. The values obtained with this fluorometric 
method agree with the microbiological assay and the chemical assay based 
on the formation of maltol from streptomycin. 


We wish to express our thanks to Miss Rebeckah DuBois of the De- 
partment of Medicine, Cornell University Medical College and the New 
York Hospital, for the microbiological assays on human serum and spinal 


fluid. 
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IDENTIFICATION OF SMALL AMOUNTS OF ORGANIC 
COMPOUNDS BY DISTRIBUTION STUDIES 


VII. SEPARATION AND ESTIMATION OF NORMAL FATTY ACIDS 
By YOSHIO SATO, GUY T. BARRY,* anp LYMAN C. CRAIG 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, March 28, 1947) 


The estimation and identification of small amounts of the lower fatty 
acids have always been a troublesome problem, particularly to the fermen- 
tation chemist and to the organic chemist carrying out degradative studies 
in which these acids are formed as fragments of a larger molecule. Several 
ways of approaching the problem are at hand, depending on whether or 
not unequivocal identification is required. Perhaps the best known 
preliminary approaches have been through the use of the Duclaux con- 
stants (1) and the partition method of Werkman and coworkers (2). The 
partition method is suitable for identifying other organic acids (3) as well 
but requires some supplementary procedure for demonstrating homo- 
geneity. 

More recently the possibilities in the use of partition chromatography 
for the identification and estimation of the lower fatty acids have been 
investigated (4, 5). The procedure permitted quantitative resolution 
under carefully standardized conditions and with a suitable silica gel. 
However, the position of the band for a given acid was not constant but 
varied with the initial amounts of acids used. This observation would 
suggest either interfering adsorption effects by the silica gel or a non- 
linear partition isotherm. 

By way of comparison it was of interest, in connection with the general 
study under way in this laboratory, to learn whether the technique of 
“eounter-current distribution” (6) could be satisfactorily applied to the 
qualitative and quantitative estimations of the lower fatty acids. This 
would be only a preliminary step in the extension of the study to the 
higher fatty acids. It was hoped that a system could be found which 
would not show a large shift of partition coefficient with change of con- 
centration. Our studies have shown this latter to be possible and have 
also indicated that at least the lower members of the normal fatty acids 
can be separated readily by the procedure. 

The resolution obtainable in twenty-four transfers is plainly shown by 
the representative distribution given in Fig. 1. This was made with a 
mixture of 57.1 mg. of acetic acid (b.p. 118-119°, 760 mm.; m.p. 15.5- 


* Fellow of the National Institute of Health, Washington, D. C. 
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16°; neutralization equivalent 60.5), 51.0 mg. of propionic acid (b.p. 
139-140°; neutralization equivalent 73.3), 55 mg. of normal butyric acid 
b.p. 162-163°; neutralization equivalent 89), and 50.0 mg. of n-valerice 
acid (b.p. 184-185°; neutralization equivalent 103). The system used was 
isopropyl ether-2.2 m phosphate buffer at a pH of 5.17 (21°). The buffer 
contained 1.94 moles of KH;PO, and 0.26 mole of NasHPO, per liter. 

At the completion of the distributing part of the operation it was neces- 
sary to devise some simple method for estimating quantitatively the 
total acid present in both phases of each tube. This was accomplished by 
making use of the quantitative aspects of simple successive extraction in 
such a manner that the complete extraction of the water-soluble acid 
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Fic. 1. Twenty-four transfer distribution of a mixture of acetic, propionic, buty- 
ric, and valeric acids. X, Curve 1, O, Curve 2; @ indicates calculated curves for 
separate bands; Curve 3, acetic acid, Curve 4, propionic acid, Curve 5, butyric acid, 
Curve 6, valeric acid. 


from the aqueous phase was not required in order to calculate the total 
amount present per tube. In plotting a curve, however, it is not necessary 
to plot the total amount in each tube, since some amount proportional to 
the total will be just as satisfactory. This proportional amount can be 
represented by a single extraction or the sum of two or more extractions, 
as shown in Fig. 1. Two or more successive extractions permit calcula- 
tion of the partition coefficient or proportionality factor by extraction 
equation (2). 

The following procedure was employed. Each of the tubes was acidi- 
fied with 1 ce. of 8 m phosphoric acid, and after equilibration and centrif- 
ugation the upper layers were removed. An aliquot (1 cc.) of each was 
titrated against standard 0.0103 m NaOH. The amount of alkali required 
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for each tube is shown by Curve 1. Appreciable amounts of phosphoric 
acid were found not to be extracted by the ether. Identical volumes of 
fresh isopropyl ether were then added to each of the lower layers and a 
second extraction made. A 1 cc. aliquot of each was again titrated. The 
sum of this and the previous titration then gave the values shown by 
Curve 2. These data were then sufficient for locating the position of 
each band, even though complete extraction from the lower layers had 
not yet been achieved. 

From Curve 2 the partition coefficients of 0.09, 0.50, 2.24, and 10 can be 
estimated (7) and theoretical curves fitted to each, as shown by Curves 3 
to 6 for acetic, propionic, butyric, and valeric acids respectively. In this 
it is assumed that the maximum tubes of the central bands are homog- 
eneous and that 0 and 1 of the first band and 23 and 24 of the last band 
are homogeneous. As can be seen from Fig. 1, the sum of these four 
curves approximates very closely Curve 2. The theoretical curves may 
therefore be used for the quantitative deductions to follow. However, 
the data thus far are sufficient for identification and rough estimation. 

Though it can be predicted from the theory of counter-current distri- 
bution that certain of the tubes are essentially pure, since a nearly linear 
jsotherm is indicated from the shape of the curves, it appeared of con- 
siderable interest to demonstrate this fact experimentally. Accordingly, 
the butyric acid remaining in Tubes 15, 16, and 17 was combined, trans- 
ferred to a volume of 8 cc. of isopropyl! ether, and subjected to a twenty- 
four transfer distribution in exactly the same way and in the same system 
used for the original mixture. The result of this experiment is shown in 
Fig. 2. A theoretical curve fitted to the experimentally derived curve is 
also shown. The symmetry of this curve is at once evident and it will 
be noted that the maximum agrees very well with the maximum of the 
butyric acid band of the first distribution. That the acid in Tubes 15, 
16, and 17 of Fig. 1 was of high purity is now unquestionable. This 
experiment further indicated that the deviation from a linear isotherm is 
small for butyric acid at the concentration range used. 

The quantitative aspects of the distribution may now be developed. 
The leakage at the ground surface of the distribution apparatus is only a 
matter of a few drops with a well seated machine. Even if it should be a 
ec. or more, the loss may be neglected in view of the total volume of 400 
ec. in both phases. Experimentally, any loss tends to be distributed 
evenly among all the tubes. A loss approximating 1 to 2 per cent, how- 
ever, did occur in removing the solutions from the machine. The solu- 
tions were individually removed by means of a hypodermic syringe with a 
long needle and, in order to shorten the process, rinsing of each tube was 
neglected. For a critical experiment requiring greater precision, the 
tubes could be rinsed. 
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In calculation of the percentage of each acid in the original mixture, the 
first step is that of finding the total amount of acid in a given tube which 
is shown by the curves to be of high purity. This is the sum of that 
determined from the two successive extractions plus the fraction remaining 
unextracted, and may be calculated by formulae (1) and (2). Formula 
(1) permits the partition coefficient for the solvent and the acidified buffer 
to be calculated, where W, is the amount from the first extraction and W, 
is the amount from the second extraction. W, and W: may be expressed 
(1) eo ae 

W, Kr+ 1 
in terms of the volumes of the standard alkali required. K is the partition 
coefficient. rfis the ratio of the volumes of the upper and lower phases 
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Fig. 2. Redistribution of the acid in Tubes 15, 16, and 17 of Fig. 1. O, experi- 
mental; @, calculated. 


used in the extraction. This formula gives a sufficiently accurate estimate 
of K for the purpose when the substance has a linear partition isotherm 
and when W/W, is not greater than approximately 0.7. When W2/W,; 
is greater than 0.7, either the volume of the extract must be increased or 
a solvent used which has a more favorable partition coefficient. 

From the extraction formula the fraction, X, of acid extracted on the 
first extraction is given by formula (2). By application of this formula 
y Kr WwW, 

Y= — aT a. ane 
Kr+ 1 W, 





(2) 


to the data obtained with Tube 22 of Fig. 1 the value of 0.912 is obtained 
for X. The total amount of valeric acid in Tube 22 (Fig. 1) is therefore 
represented by 1.59 X 1.00/0.912 X 8 = 13.96 cc. of 0.0103 N NaOH. When 
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a correction is made for the small amount of butyric acid shown to be 
present in this tube by Curve 5, the result of 13.00 cc. is obtained. This 
is the equivalent of 13.65 mg. of valerie acid. 

In the binomial expansion a given term is always a fixed fraction of 
the total. The fraction of the total valeric acid in Tube 22 can be calcu- 
lated (7) as a term of the expansion to be 0.281. The total valeric acid 
represented by Curve 6 is therefore 13.65 X 1.00/0.281 = 48.7 mg. 

Calculation of the total acid represented by Curve 5 in the same way 
gave 56.8 mg. of butyric acid and for Curve 4, 50.3 mg. of propionic acid. 
A sufficient fraction of acetic acid was not extracted by the two successive 
extractions to give the calculations in this case the desired accuracy. The 
amount of acid in Tube 2 was accordingly derived by two further succes- 
sive extractions with 16 ec. volumes of diethyl ether. This permitted 
54 mg. of the acid to be demonstrated in the first band under Curve 3. 
This value was checked by complete extraction of Tube 2. 

For routine work the number of extractions and titrations made in 
obtaining sufficient data for interpretation could be very much reduced. 
It would not be necessary to extract or titrate every tube but only enough 
to show definitely the position of the peaks. Greater precision could be 
derived by extracting with 16 cc. volumes instead of 8. 

In order to evaluate the quantitative aspects of this distribution the 
homogeneity of the acid preparations used initially should be established. 
This is especially so in view of the fact that the method of counter-current 
distribution has had wide application for homogeneity studies in the 
war time synthetic antimalarial program and more recently in the prepara- 
tion of penicillin. It has frequently shown the presence of considerable 
amounts of impurity when other methods have failed. 

Of the four acids used in this study it appeared that the n-valeric acid 
might be most open to question. A twenty-four transfer distribution 
was accordingly made on 48 mg. of this acid in exactly the same way as 
for the mixture of acids. The result obtained is shown in Fig. 3 and is 
again in agreement with the theory. The acid recovery calculated as 
above was 97 per cent. It was thought in the beginning that the most 
probable impurity might be isovaleric acid. Isovaleric acid in the same 
system was found to have a partition coefficient of 5.5, as compared to 
that of 7.7 for valeric acid. Appreciable amounts of the former would be 
evident as a deviation from the theoretical at Tubes 16 to 18. 

Isobutyric acid (b.p. 153- 154°; neutralization equivalent 90), on the other 
hand, proved to have a partition coefficient very similar to that of butyric 
acid and could not be satisfactorily separated in the system used. It 
would thus not be recognized if it were present as an impurity. It is 
interesting to note that Elsden (5) also was not able to separate isobutyric 
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acid from normal butyric acid by partition chromatography on silica gel, 
It was considered probable that the acetic and propionic acids used were 
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Fic. 3. Twenty-four transfer distribution of valerie acid. 
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of acetic acid was distributed in the same system used for the mixture of 
acids, except that the volume of the upper layer was doubled. The 
result is shown in Fig. 4. Two successive extractions of the acidified 
lower layers were made. They are givenin Curves 1and2. The absence 
of an appreciable amount of propionic acid in the sample used is thus 
demonstrated. 

A point of interest can be derived by comparing the distribution of 
yaleric acid alone and the corresponding band which emerged from the 
acid mixture in Fig. 1. The theoretical curve for the former which is in 
agreement with the experimental values is calculated on the basis of a 
partition coefficient of 7.7, and this value is in agreement with the exper- 
imentally determined partition coefficient. On the other hand, it is neces- 
sary to base the calculation of the theoretical curve for the acid on the 
value 10 for that obtained with the mixed acids. This is an appreciable 
shift of the position of the band and is a result which has been checked by 
a duplicate run of the four mixed acids made in a slightly different buffer. 
We have noted such a shift in other distributions when one of the com- 
ponents occupied a position either far to the left or to the right of the 
diagram (partition coefficient of 10 or 0.1), but have not noted such a 
shift as yet when the component occurred near the center of the diagram 
(partition coefficient of 1). In the present case it afforded a slightly 
better separation of butyric and valeric acids than expected. The posi- 
tion of the butyric acid band was essentially the same either in the mixture 
or alone, as the comparison of Figs. 1 and 2 will show. 

The agreement of the experimental curve in Fig. 3 with the theoretical 
curve would indicate a linear partition isotherm. This has been checked 
experimentally over the concentration range employed. 


SUMMARY 


The use of the method of counter-current distribution for the separation 
and quantitative estimation of the volatile normal fatty acids (C:-C;) has 
been investigated. A system and procedure satisfactory for the purpose 
of estimation to within 2 or 3 per cent have been described. 
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MICRODETERMINATION OF MANGANESE IN BIOLOGICAL 
MATERIAL BY MEANS OF CATALYSIS* 


By ERNEST KUN 
(From the Department of Pharmacology, University of Chicago, Chicago) 
(Received for publication, June 7, 1947) 


The standard methods of manganese determination in biological material 
(1,2), based on the oxidation of Mn** to permanganate, are not sufficiently 
sensitive. Since the Mn** content of animal tissues is very low, 20 to 100 
gm. of material are required for analysis. The color reaction of manganese 
dioxide and benzidine was successfully applied for the quantitative detec- 
tion of Mn++ in tissues by Wiese and Johnson (3). This method made it 
possible to determine manganese from 5 gm. tissue samples. However, 
in animal experiments it is desirable to use even less material. 

It will be shown in this paper that the catalytic properties of Mn++ 
offer a possible means of microanalysis of manganese, by which mere 
traces of Mn*+ can be determined from small tissue samples. 


EXPERIMENTAL 


The method is based on Szebelledy’s and coworkers’ experimental results 
(4-5). It was shown by them that the oxidation of certain phenol deriv- 
atives can be catalyzed by traces of Mn*~* ion. The most sensitive 
reaction for the measurement of Mn** catalysis proved to be the oxidation 
of an aqueous solution of diethylaniline by an aqueous solution of potas- 
sium periodate. At the present time the kinetics of this reaction as well as 
the structure of the oxidation product are unknown. When this reaction 
is carried out in unbuffered solutions, no strict correlation between the rate 
of the reaction and the concentration of the catalyst was found. The use 
of a phosphate-citrate-borate buffer at pH 7.0 (7), however, increased the 
reproducibility of the measurements by maintaining a constant environ- 
ment for the catalysis (Table I). 

Markus (6) found that Fe** and Mg** do not alter this Mn** catalysis. 
Fe*** ion, which interferes with the catalysis in an unbuffered medium, 
did not show any effect in the buffered mixture, even when its concentration 
was 10 times as high as that calculated to be present in biological material 
(8). Other heavy metals did not interfere when the procedure was carried 


* Part of this work was carried out with Geza Frendl in the biological laboratory 
of the chemical and pharmaceutical factory of Palik and Company, Ltd., Budapest. 

Aided by a grant (Contract N6ori-20, Task Order 11) from the United States Navy, 
Office of Naval Research, and by the Dr. Wallace C. and Clara A. Abbott Memorial 
Fund of the University of Chicago. 
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out at this pH and in the buffered media. The sensitivity of this catalytic 
reaction could be increased by using a 5 times more dilute solution of 
diethylaniline and potassium periodate, with the aid of the Beckmay 
spectrophotometer.! The optimal wave-length as determined with this 
instrument was found to be 470 mu. 

Figs. 1 and 2 were constructed from the same data, obtained with the 
Beckman spectrophotometer. The optical density (log Jo/J-), measured 
at the 200th second, was plotted against the wave-length, expressed in my 
(Fig. 1). A sharp maximum at 470 my was found. 

Fig. 2 shows the correlation between the amount of Mn** and the optical 
density measured under the same conditions as those mentioned for Fig. |, 
The optical density measured at the 200th second after the addition of the 
KIO, solution plotted against the amount of Mn** on a semilogarithmic 
paper gave a straight line relationship for the concentration range used, 


TaBLeE I 
Catalytic Activity of Various Concentrations of Mn** in Phosphate-Citrate-Borate 
Buffer, pH 7.0 
The optical density of the yellow oxidation product of saturated diethylaniline 
by saturated KIO, was measured by means of a Lange-Roth photoelectric color- 
imeter, with a blue filter, at the 120th second after the addition of the KIO, solution. 





Mn** concentration, micrograms per m!. 





| ! 
Mn**-free_ | 0.005 } 0.010 | 0.1 | 0.5 








Optical density 





Mean (10 measurements 0.116 0.124 0.134 0.169 0.198 
S.D. +0.001 +0.0011 +0.003 | +0.0013 | +0.0013 





This correlation made it possible to work out a method for the determina- 
tion of Mn**. If one measures the catalytic activity of an unknown 
amount of Mn*~, that is the optical density of the dye, reached at a given 
time (200 seconds), then the amount of Mn** can be easily read from a 
standard curve. 

Reagents—1. Saturated diethylaniline solution. 4 drops of diethyl- 
aniline base are diluted with redistilled water to 100 ml. This is thoroughly 
shaken and is left to stand for 24 hours at room temperature in a dark 
place. Immediately before use the solution is filtered. 

2. Saturated potassium periodate. This solution is prepared by shaking 
3 gm. of crystalline KIO, in 100 ml. of redistilled water and treating it in 

1 The spectrophotometric measurements were made in the laboratory of Dr. 
E. S. G. Barron, who kindly provided us with the use of his Beckman spectropho- 


tometer. 
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Fic. 1. Correlation between the wave-length used in the spectrophotometer and the 
optical density of the reaction mixture, containing varying amounts of Mn** from 


0.0004 y per ml. to 0.047 per ml. Readings were made at the 200th second after the 
addition of the KIO, reagent. There is a maximum at 470 mg. 
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Fic. 2. Relationship between the amount of Mn** and the optical density of the 
reaction mixture measured at the 200th second after the addition of KIO, shown on 
semilogarithmic paper. The points are obtained from the same data as in Fig. 1. 
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the same manner as Reagent 1. When a Beckman spectrophotometer jg 
used, it is necessary to dilute Reagents 1 and 2 five times with redistilled 
water. i 
3. Manganese standard solution. Crystalline MnSQ, is dried for 3 
hours at 120°. This substance is used for standard Mn* solutions. 

4. 0.1 mM oxalie acid. 

5. 0.1 n HCL. 

6. Phosphate-citrate-borate buffer (pH 7.0). 


Procedure 


The vessels used must be carefully washed with a mixture of HCl and 
HNO; (1:1), and then with redistilled water five times. If the material is 
blood or any other fluid, it can be used as such. For each analysis (50 
parallel measurements) 0.1 to 0.5 gm. of tissue or 0.5 ml. of fluid is required. 
The sample is measured into a platinum crucible with 10 drops of 0.1 y 
HCl and ignited at 850° in an electric oven for 4 hours. When the crucible 
is cooled, 2 ml. of 0.1 m oxalie acid and 5 drops of 0.1 N HCI are added 
and the mixture kept at 80-90° for 20 minutes. This reduction is nee- 
essary because Mn*~* is oxidized at 850° to Mn***, which is inactive asa 
catalyst in this case. The contents of the crucible are quantitatively 
washed into a 100 ml. flask and diluted to the mark with redistilled water, 
For each determination 2 ml. of this extract are required. 

The measurements are made as follows: 2 ml. of extract plus 4 ml. of 
buffer (pH 7.0) are placed in a test-tube. The mixture and the reagents 
are kept with the standard Mn*~ solutions at room temperature for $ hour. 
Samples containing known amounts of Mn*~ are prepared in the same way 
as tissue extracts. Immediately before the measurements are made, 2 ml. 
of diethylaniline solution plus 2 ml. of KIO, reagent are added. From the 
moment this latter reagent is added the time must be measured exactly 
by a stop-watch for 200 seconds. During this time the test-tube is shaken 
for 30 seconds; then the mixture is poured into the photometer cup. The 
extinction is read at the 200th second after the addition of KIO,. From 
the straight line obtained by plotting the known amounts of Mn** against 
the E values read at the 200th second on semilogarithmic paper, the Mn** 
concentration of the extract can be easily calculated. To insure accuracy 
oxalic acid and HCl are added to the Mn** standard solution in the same 
concentration as contained in the tissue extract. 

To check the described method, its results were compared with those of 
a known macromethod. The Mn** concentration of dried brewers’ yeast 
was first determined by the catalytic method on yeast samples of 0.1 gm. 
Then five parallel measurements were made with a colorimetric method (9) 
whereby Mn++ was determined as KMn0O, on 50 gm. yeast samples. With 
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the micromethod 1.8 to 2.0 mg. of Mn** per 100 gm. of yeast (Mn**) were 
obtained, while the macrodetermination vielded 2.0 to 2.1 mg. per 100 gm. 
In ten samples 0.04 y of Mn** was added in the form of MnSQ, to 1 gm. 
of yeast. This amount could be recovered with a standard deviation of 
+0.0048. Analyses of human tissues carried out by means of this method 
are shown in Table II, in which human muscle (quadriceps femoris), liver, 
































and kidney were analyzed with both micro- and macromethods. 
TABLE IIT 
Mn** Content of Human Tissues 
Catalytic method Macromethod (cf. (9)) 
Organ . ——EE _— 
From 0.5 gm. material From 50.0 gm. material 
meg. per 100 gm. mg. per 100 gm. 
Muscle 0.0082 0.0080 
0.0090 0.0071 
0.0083 0.0092 
0.0100 0.0084 
0.0096 0.0076 
Mean i 0.0090 0.0080 
Liver 0.090 0.086 
0.072 0.066 
0.087 0.080 
Mean 0.083 0.077 
Kidney 0.030 0.025 
0.021 0.031 
0.027 0.037 
Mean... 0.026 0.031 
SUMMARY 


A colorimetric method, based on the catalytic properties of Mn**, has 
been developed and used for the microdetermination of Mn** in biological 
material. M[n** catalyzes the oxidation of diethylaniline by potassium 
periodate to a yellow dye. The speed of this color development can be 
measured by means of a spectrophotometer. The speed of the reaction is 
afunction of the amount of Mn** present in the reaction mixture. With 
this method, 0.0004 > to 0.04 y of Mn++ per ml. has been determined with a 
precision of +15 per cent. 0.5 gm. of tissue or 0.1 to 0.5 ml. of biological 
material is sufficient for 50 parallel measurements. 
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THE ACONITE ALKALOIDS 
XX. FURTHER STUDIES WITH ATISINE AND ISOATISINE 


By CHARLES F. HUEBNER anp WALTER A. JACOBS 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, June 23, 1947) 


Since the alkaloids of the somewhat simpler, less toxic category of the 
aconite series have been dehydrogenated with selenium more successfully 
than aconitine and delphinine, it was of interest to see whether this advan- 
tage would extend in other directions, and further attempts with the degra- 
dation of atisine have been made. Along with other observations, certain 
transformations, mostly with isoatisine (1), the isomerization product of 
antisine, are presented here as a progress report. 

On gentle oxidation with permanganate, isoatisine has been found to 
yield a neutral derivative, oxoisoatisine, CxH303;N, which contains 1 more 
oxygen atom than the parent substance. Its production recalls the forma- 
tion of oxoaconitine and oxodelphinine from aconitine and delphinine 
respectively, but with the difference that, in the latter cases, the reaction 
consists in the oxidation to carbonyl of a methylene group adjacent to the 
N atom with the loss of 2 H atoms. The conversion of isoatisine,C2H3;0,N, 
to oxoisoatisine, C2H3;0;N, occurs apparently without such loss of H; 
and, because of its neutral character, it must also possess a lactam structure. 
A possible interpretation of the reaction in this case is the oxidation to CO 
of an ethylenic C atom adjoining the N atom as follows: 

H , | 4 
—C=C—-NC + O0-— —CH—CO—NC 


The disappearance of a double bond during the transformation has been 
suggested by other observations. Isoatisine was previously shown to give 
a tetrahydro derivative on hydrogenation (1), whereas oxoisoatisine has 
now been found to yield only a dihydrooxoisoatisine, CoH30;N. A differ- 
ence in behavior was also noted with perbenzoic acid. Oxoisoatisine reacts 
with only 1 equivalent of this reagent, whereas isoatisine within a short 
time consumes more than 4 equivalents (Table I). The reaction with 
isoatisine therefore goes beyond the 2 equivalents required by the 2 double 
bonds shown to be present by its hydrogenation to tetrahydroatisine and 
involves the basic function and possibly an active methylene group. 
Atisine and tetrahydroatisine also were found to consume 3 and 2 equi- 
valents of the reagent respectively during the same time. With each of 
these bases the initial rapid consumption of perbenzoic acid was followed 
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by a continued more gradual reaction, until after 2 days all of the reagent 
added (7 to 10 equivalents) had been consumed. During such prolonged 
action neutral material resulted, but nothing crystalline could be isolated, 

Prevost’s reagent, so called silver iodobenzoate, which is known to add 
to an ethylenic double bond with the formation of a glycol dibenzoate (2), 
was likewise found to attack isoatisine. The latter with an excess of the 
reagent yielded a syrupy mixture of the ester. From this, on saponifica- 
tion, benzoic acid was split off and a crystalline neutral substance obtained 
with an apparent formulation, C2#3,0;N. Its neutral character showed it 
to be a lactam and therefore related to oxoisoatisine. If the production 
of the substance occurs in the conventional way, at first by formation of a 
glycol dibenzoate followed by hydrolysis to a glycol, further rearrangement 
must then occur to produce the CO group of the lactam. Its further study 
has been deferred for the present. 


TABLE I 








Equivalents of Perbenzoic Acid Used in Oxidations 


0.5 hr. 2 hrs 4 hrs. 24 hrs. 48 hrs 

Oxoisoatisine 0.94 0.94 
Isoatisine 4.43 5.65 6.40 7.00* 
Tetrahydroatisine 2.15 +. 50 10.00* 
Atisine 3.00 3.80 8.00* 
N-Ethylpiperidine 1.20 1.70 2.35 5.18 
Cyclohexene 0.99 0.99 

1.01 1.25 


Carvone 





* All the reagent used up. 


Another difference between isoatisine and oxoisoatisine was noted in 
their behaviors on bromination in methanol. The former in the presence 
of HBr was converted to a dibromoisoatisine hydrobromide, CoH ;0.N Brz-- 
HBr, by the addition of 1 mole of bromine. Oxoisoatisine, on the other 
hand, yielded a neutral compound, bromooxoisoatisine, Co2H30;NBr, 
by substitution with bromine. Dihydrooxoisoatisine remained unaffected 
on attempted bromination. The double bond which can be hydrogenated 
in oxoisoatisine must therefore contribute in some way to its substitution 
with bromine. The double bond to which bromine adds in the case of 
isoatisine must either disappear during its oxidation to oxoisoatisine or it 
has been shifted so that its reactivity has been altered. Although possible 
interpretations of these observations might be made, these will be left toa 
later occasion. 

When oxoisoatisine was treated with methanol saturated with HCl at 0, 
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it was converted into another neutral substance, Coof2903N, a formulation 
suggested by the analytical data. The retention of the so called N-alkyl 
(ethyl) group was also shown by the analysis. The apparent loss of C,H, 
during its formation from oxoisoatisine may have been the result of removal 
from the latter of C-methyl groups or a side chain or bridge. The ultra- 
violet absorption spectrum of oxoisoatisine (Fig. 1), like isoatisine (3), 
showed only uneventful end-absorption, but the CeoH»O;N product now 
exhibits a characteristic peak at 2950 A (Fig. 2) which was practically 
unaffected when taken also in acid solution. The position and intensity 
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Fic. 1. O oxoisoatisine in ethanol, @ in ethanol with excess HCl, + C2oH20N 
base in ethanol, X in ethanol with excess HCI. 


of the band indicate carbonyl absorption. But the presence in the com- 
pound of a CO group could not be detected directly with hydroxylamine. 
The formation of a carbon)! group from oxoisoatisine by such treatment is 
not clear, but it could possibly be due to the rearrangement to CO of 
a newly formed, if not already present, allylic configuration as follows: 


Hi 

| | oO 
—o=c—C— — > —CH—CH—Cco— 
H 
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This compound dissolves slowly in strong aqueous HCI but shows no basie 
properties when titrated with dilute acid. Solution in only strong acid 
may be due to a weakly basic character or to the opening of a lactam ring, 
The C2oH2903N derivative in a preliminary study was found to consume 
about 1.7 moles of H: in 24 hours. Although a crystalline substance wag 
obtained which differed from the starting material, no consistent analytical 
data were obtained with it. The hydrogenation, however, did not affect 
appreciably the ultraviolet absorption of the original substance, as seen 
from the curves given in Fig. 2. A further description of the substance wil] 
be deferred until more satisfactory analytical data have been obtained, 
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Fig. 2. O C2oH20;N product in ethanol, + in ethanol with excess HCl, @ 
hydrogenated C2o.H2,0;N product. 


In contrast to isoatisine, atisine is not oxidized by permanganate to a 
neutral product under the gentle conditions used. The reagent is con- 
sumed but slowly, and unchanged atisine is readily recovered. However, 
as will be presented on a later occasion, the use of a large excess of reagent 
under different conditions does cause oxidation. Since both atisine and 
isoatisine yield the same tetrahydroatisine (1), the conversion of the former 
into the latter must involve one or more double bonds. It appears that 
the double bond on the C atom adjacent to the N atom participates in the 
isomerization, since the resulting isoatisine has proved to be a considerably 
weaker base than atisine. Isoatisine is liberated completely from its salts 
in aqueous solution with Na2CQs, while atisine requires the stronger reagent, 
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NaOH. The separation of the two substances by extraction from a mixture 
was readily accomplished by taking advantage of this difference.’ 

At this point mention can be made of a preliminary attempt at the high 
pressure dehydrogenation of atisine in benzene with Raney’s nickel on 
Al,Os, made possible by the kind cooperation of Dr. I. A. Wolff of the 
United States Department of Agriculture, Northern Regional Research 
Laboratory, at Peoria, Illinois. A base, CooH2gON, was obtained from 
the reaction mixture, m.p. 145-150°. This formulation was supported 
by the analysis of the picrate and of the hydrochloride. The interpretation 
of the substance will have to await further study. The ultraviolet absorp- 
tion spectrum is given in Fig. 1. The 2 carbons lost in the production of 
the substance may be those involved in the transformation by methanolic 
HCl of oxoisoatisine to the Coo9H230;N compound. 

The presence of an N-methyl group in atisine was first reported by 
Lawson and Topps (4), and this was accepted in our earlier studies with 
the substance. However, observations have been accumulating which 
made desirable a further study of the nature of this N-alkyl. 

The occasion was taken to repeat the analytical studies also with the 
other aconite bases in this regard. These determinations have been made 
by Mr. D. Rigakos of this laboratory based on the method of Pregl and 
Lieb (5). 

The results presented in Table II have consistently shown that the aco- 
nite bases, aconitine, napelline, atisine, and heteratisine, behave as if the 
alkyl is N-ethyl because of the solubility of the resulting ethyltrimethyl- 
ammonium iodide in absolute alcohol. In the case of delphinine and 
staphisine the group was found to be N-methyl. But in contrast with the 
N-methyl determinations the N-ethyl values have been consistently low. 
Similar low results were obtained also with N-ethylpiperidine used as a 
control. Whether, in the case of the aconite bases, this is due entirely to 
the difficulty of the method or to the fact that the presumed N-ethyl group 
may occur not as such but perhaps as a bridge between the N atom and 
another part of the molecule remains to be determined. In addition to the 
N-ethyl determinations, the small N-methyl results shown in Table II 
may owe their origin to fractional cleavage of C-methyl groups. 

As a further check on the interpretation of the N-ethyl results, isoatisine 
in larger amount was decomposed with the reagents as used in the N-alkyl 
determination. This permitted the isolation of a sufficient amount of 
ethyltrimethylammonium iodide and of a smaller relative amount of 
tetrumethylammonium iodide for identification. 


‘Tt was found that the crude resinous alkaloid mixture from Aconitum hetero- 
phyllum, in which atisine was originally the preponderating alkaloid, after long 
standing (4 years) yielded almost entirely isoatisine due to isomerization. The 
isolation of the latter was readily accomplished by the above method. 
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EXPERIMENTAL 


Oxoisoatisine—Isoatisine (0.5 gm.) dissolved in 50 ec. of acetone and 05 
ec. of acetic acid was gradually treated in the course of 30 minutes with 03 
gm. of potassium permanganate. After complete reduction of the reagent, 
the dioxide was collected with acetone. The filtrate yielded in vacuo g 
syrupy residue which was dissolved in chloroform. The latter was washed 
with 10 per cent HCl, dried over NasSO,, and concentrated. The residue 
(480 mg.) crystallized when rubbed with ethanol. On recrystallization 


TaBLeE II 
N-Alkyl and Methoryl Determinations 

















Found Calculated 
Ethy! Methyl OCH; Ethyl Methy! OCH; 
Aconitine 3.04 0.22 19.47 4.50 19.23 
2.40* 19.40 
2.92* 19.20 
Napelline 4.78 0.22 6.60 
4.12 0.39 
Heteratisine 3.60 0.32 7.95 7.42 7.93 
3.48 0.23 8.1] 
Atisine HC] 4.53 0.38 7.65 
4.53 0.21 
Delphinine 0.89 2.08 20.87 2.51 20.71 
Isoatisine $.70* 8.46 
‘.37° 
N-Ethylpiperidine 16.54 25.67 
N-Ethylpiperidine 11.53 19.41 
HCl 


* These determinations were run as N(CH;) but calculated for N(C2Hs). 
from ethanol-water, 110 mg. of oxoisoatisine were obtained; m.p., 250- 
260° after partial softening at 215°. 
Cox.H;;0;N. Calculated, C 73.48, H 9.26; found, C 73.37, H 9.14 


The rather ill defined melting point was not improved by attempted 
purification. Sublimation at 0.05 mm. and 200° yielded a crystalline 
substance, m.p.» 250-255°, with partial melting at 225°. 


[a] = —39° (c = 0.91 in chloroform) 
Found, C 73.25, H 9.11 


This sublimate after recrystallization from ethyl acetate melted at 240- 
247° with softening at 230°. 


Found, C 73.47, H 9.20 
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Another preparation of oxoisoatisine after one recrystallization from 
ethyl acetate melted at 235-240°. 


(a]lp = —37° (c = 0.91 in chloroform) 
Found, C 73.31, H 9.08 


Bromooxoisoatisine—A freshly prepared 0.0977 m solution of bromine 
in methanol was added dropwise to 76.2 mg. of oxoisoatisine in 3 cc. of 
methanol. The addition was attended by immediate absorption of 
bromine. After 2.20 cc. had been added, a definite excess of reagent 
remained. The theory for 1 equivalent is 2.17 cc. An additional 0.3 ce. 
of reagent was added and, after a half hour, an excess persisted. The 
methanol solution was concentrated and the residue was dissolved in 
chloroform and washed with a sodium bisulfite solution. After drying 
and concentration, the residue obtained was recrystallized twice from 
methanol-water. The yield was 30 mg., and the melting point 172-175°. 
The substance formed rhombs. 


falp = —73° (c = 0.76 in ethanol) 


Cx2H;,0O;NBr. Calculated, C 60.25, H 7.38; found, C 60.27, H 7.25 

Dibromoisoatisine Hydrobromide—Isoatisine (305 mg.) dissolved in 10 
ce. of methanol was titrated with freshly prepared 0.245 m bromine in 
methanol, during which 3.5 cc. were rapidly decolorized (1 mole = 3.6 ec.). 
A further 0.5 ec. was added and then, carefully, 48 per cent HBr until acid 
toCongo red. Excess bromine persisted for several hours. After standing 
in the refrigerator 80 mg. of colorless needles were collected. The filtrate 
on concentration yielded a second crop. The combined material was 
recrystallized from methanol and gave 120 mg., m.p. 212-215° with 
decomposition. 


CxH3302N Br2;HBr. Calculated, C 45.20, H 5.87; found, C 45.12, H 5.98 


The hydrobromide is difficultly soluble in water. The base was liberated 
with alkali and extracted with benzene, but could not be obtained in 
crystalline form. 

Dihydrooxoisoatisine—84 mg. of oxoisoatisine dissolved in 5 cc. of 
methanol were hydrogenated with 41 mg. of platinum oxide catalyst and 
absorbed 1.3 equivalents of H, within $ hour. At the end of 3 hours, no 
further absorption was noted. The methanol filtrate was concentrated to 
dryness and the residue was recrystallized twice from ethyl acetate. 65 
mg. of stout needles were obtained, which melted at 219-223°. 


(alps = —38° (ec = 1.21 in chloroform) 
Cx»H;;0;N. Calculated, C 73.07, H 9.77; found, C 73.15, H 9.72 
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On attempting to brominate dihydrooxoisoatisine as described above, 
no apparent absorption of halogen occurred. Even after standing with 
an excess of bromine for 2 hours, the starting material was recovered. The 
melting point of the latter was 215-222° and of a mixture with the original 
substance 219-223°, 


Found, C 73.15, H 9.52 


Prevost’s Reagent on Isoatisine; Substance CxH3,0sN—100 mg. of iso- 
atisine were shaken with 750 mg. (4 equivalents) of Prevost’s reagent in 
30 ce. of dry benzene for 2 days. An excess of reagent persisted. After 
filtration of the silver salts, a negligible amount of basic substance was 
extracted with 10 per cent HCl. The benzene phase, when dried and 
concentrated, vielded a neutral syrup (180 mg.) which could not be crystal- 
lized. 0.16 gm. was saponified for 1} hours in 1.5 cc. of 0.15 Nn NaOH and 
10 cc. of methanol. The solution was neutralized with dilute acid and 
concentrated to small volume. After addition of excess HCl, the suspen- 
sion was repeatedly extracted with benzene. A sodium bicarbonate extract 
of the benzene extract yielded 20 mg. of benzoic acid, m.p. 120°. The 
remaining neutral fraction after evaporation of the benzene crystallized 
from ethanol and gave 20 mg. of long needles, m.p. 225-235°. A mixture 
of this substance with oxoisoatisine melted at 200-210°. 


Cx2H3;0;N. Calculated, C 73.89, H 8.76; found, C 73.78, H 8.58 


Perbenzoic Acid Oxidations—For these determinations 0.2 to 0.3 mm 
of the test substance was dissolved in 1 ec. of chloroform and the solution 
was made up to 10 cc. with 0.2 m perbenzoic acid in chloroform. 2 ce. 
aliquots were removed at intervals for iodometric determination of the 
reagent excess. Blanks were run with the reagent alone to correct for 
slow decomposition at room temperature. As controls, cyclohexene, 
carvone, and N-ethylpiperidine were examined. The results are recorded 
in Table I. 

Oxoisoatisine and HCl in Methanol—To 5 cc. of methanol saturated with 
dry HC] at 0° were added 65 mg. of oxoisoatisine. After 7 days in a sealed 
tube at room temperature, the mixture was concentrated to dryness 
in vacuo and redissolved in chloroform. When shaken with water, the 
material was extracted into the aqueous phase. The latter was made 
alkaline and reextracted with benzene. The latter yielded, when dried 
and concentrated, 75 mg. of a syrup which crystallized from dilute ethanol. 
After two recrystallizations from this solvent, 30 mg. of stout needles were 
obtained, which melted at 197—202°. The substance was halogen-free and 
contained no methoxyl. 
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falp = —17° (c = 0.94 in chloroform) 
CyoH290;N. Calculated. C 72.45, H 8.82, (N)C.Hs 8.76 
Found. “ 972.42, “ 8.98, -s 5.80 


A second preparation melted at 196-198°. 
Found, C 72.60, H 8.99 


This substance dissolves very slowly in 10 per cent HCl, from which it 
can be recovered with alkali. In methanol solution it consumed no HCl 
against alizarin red S as indicator. Isoatisine can be quantitatively 
titrated against this indicator. No crystalline material could be obtained 
when atisine or isoatisine was similarly treated with methanol saturated 
with HCl. 

Catalytic Dehydrogenation of Atisine—5 gm. of atisine hydrochloride 
which had been decomposed with NaOH and extracted as the base with 
benzene were heated in benzene solution at 325° with 3 gm. of Raney’s 
nickel catalyst on alumina (6) for 10 hours. The benzene filtrate was then 
extracted with 10 per cent HCI and followed by 5 per cent NaOH. 1.5 gm. 
of a neutral fraction were recovered from the benzene phase. NaOH was 
added to the acid solution and on extraction with benzene 2.5 gm. of a 
basic fraction were recovered. The amount of acidic substances proved 
negligible. The neutral fraction was chromatographed through Al,Os, 
but none of the subfractions was sufficiently promising for further study. 
The basic fraction was also chromatographed on Al,O3, and with benzene 
a lower yellow and upper brown band developed. The lower band was 
eluted with benzene and yielded 0.80 gm. of a yellow, rather mobile oil. 
The upper band was removed with 30 per cent methanol in benzene and 
gave 1.15 gm. of material. The latter was a dark brown tarry substance 
and yielded nothing crystalline. The first fraction in ethanol was treated 
with an equal weight of picric acid in ethanol. 1 gm. of yellow needles 
of the picrate was obtained, which melted at 254-256°. 


C2oH2vON-CsH;O;N;. Calculated. C 59.07, H 6.11, N 10.60 
Found. “ 59.16, “ 5.98, “ 10.56 


When the picrate was decomposed with aqueous NaOH and extracted 
with benzene, 0.6 gm. of the oily base was recovered. A portion of the 
latter was converted to the hydrochloride and recrystallized from ethanol- 
ether. It formed fine needles, m.p. 230-—235°. 

fa]? = +31° (c = 1.27 in H.O) 
CxH2gON-HCl. Calculated, C 71.49, H 9.01; found, C 71.32, H 9.21 
The salt dissolved in a small volume of water gave with ammonia the 
crystalline base. After recrystallization from ethanol-water, the fine 
needles obtained melted at 145-150°. 
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CopH2gON. Calculated. C 80.20, H 9.77, (N)C.Hs 9.68 
Found. “ 79.98, “ 9.89, - 2.49 


Methyl and Ethyl Iodides from Isoatisine—300 mg. of isoatisine, 200 mg 
of phenol, 1 gm. of ammonium iodide, 0.5 ec. of acetic anhydride, and 15 
ec. of hydriodie acid were placed in the conventional micro N-alkyl ap. 
paratus. A 3 per cent solution of trimethylamine in 75 per cent ethanol 
was used as the absorbent in the receivers. After carrving out the decom. 
position according to the analytical procedure (5), the contents of the 
receivers were evaporated to dryness in vacuo. When the residue was 
digested with 30 ec. of absolute ethanol, 35 mg. of insoluble materia] 
remained. After recrystallization from methanol-water this fraction 
yielded 10 mg. of tetramethylammonium iodide. 


C,Hy.NI. Calculated, C 23.88, H 5.97; found, C 23.77, H 5.79 


From the ethanol-soluble fraction 55 mg. were recovered. This was 
dissolved in 25 ec. of acetone and slowly concentrated. Three successive 
crops of crystals of 5 mg. each were discarded. From a volume of 5 ee., 
30 mg. of the long needles of ethyltrimethylammonium iodide were col- 
lected. 


C;H,,NI. Calculated, C 27.91, H 6.56; found, C 27.62, H 6.44 


A control determination with 200 mg. of benzylethylaniline gave 38 mg. 
of ethyltrimethylammonium iodide. A blank run with the reagents proved 
negative. 

Isolation of Alkaloids from Old Crude Aconitum heterophyllum Extract—% 
gm. of the light brown resin of total crude alkaloid fraction from Aconitum 
heterophyllum which had been extracted 4 years previously were dissolved 
in 200 cc. of benzene. The solution was extracted twice with 50 ec. of 10 
per cent H.SO,. The benzene phase yielded 1 gm. of a neutral resin. 
With vigorous stirring, 12 ec. of 20 per cent NasCO; followed by 20 ee. of 
4 per cent NasCO; were added dropwise. A small amount (2 gm.) of dark 
brown gum which separated was recovered with ether but yielded nothing 
crystalline. A further 25 cc. of 20 per cent Na,CO,; were carefully added 
with stirring to the aqueous phase. From the mixture, which had become 
faintly alkaline to phenolphthalein, a copious yellow gum separated and 
was extracted with benzene. 13.5 gm. of resin obtained from this extract 
were dissolved in a minimum of hot ethanol and diluted with water to 
turbidity. After cooling, 8 gm. of isoatisine which crystallized were 
collected; m.p. 149-151°. [a]? = —15.5° (¢ = 0.98 in toluene). The 
reported constants (1) are, m.p. 150-151° and [a]?> = —16.5° (C = 1.15 in 
toluene). 
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CxH,;02.N. Calculated, C 76.91, H 9.69; found, C 77.27, H 9.36 


From the aleoholic mother liquors on concentration 1 gm. of material was 
obtained which melted from 130-200°. After two recrystallizations from 
ethanol 0.4 gm. of pure heteratisine resulted; m.p., 269-271°. No depres- 
sion was noted when mixed with an authentic sample. 


CxH,0O;N. Calculated, C 67.47, H 8.50; found, C 67.71, H 8.40 


The aqueous phase after extraction of the isoatisine was made strongly 
alkaline by the addition of 20 gm. of KOH. By repeated extraction with 
benzene 2 gm. of a resinous syrup were obtained which could not be erystal- 
lized directly but crystallized as the hydrochloride. The yield of atisine 
hydrochloride was 0.35 gm., m.p. 300-310°, [a]? = +27.6° (c = 2.0 in 
H.0). The recorded constants (1) are as follows: m.p. 311-312°, [a]? = 
+28° (c = 1.0 in H,0). 


Cx2H;;02.N-HCl. Calculated. C 69.52, H 9.02; found, C 69.56, H 9.22 
All analyses were performed by Mr. D. Rigakos. 


SUMMARY 


Isoatisine, C22H,;0.N, is oxidized with permanganate under gentle 
conditions to a neutral lactam, oxoisoatisine, C2.H;0;N. The transforma- 
tion must involve the loss of an ethylenic double bond on a C atom adjacent 
tothe N, as shown by hydrogenation studies and by the change in behavior 
with bromine. This double bond must also participate in the isomeriza- 
tion of the strong base atisine to the weaker base isoatisine. 

Other transformation products are described which were obtained by 
the action of silver iodobenzoate on isoatisine, of HCl in methanol on 
oxoisoatisine, and by the high pressure catalytic dehydrogenation 
of atisine. 

The group which reacts as N-alkyl in the aconite bases aconitine, napel- 
line, atisine, and heteratisine has been shown to be N-ethyl, whereas in 
delphinine and staphisine it is N-methyl. 
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The present trend toward high purity in commercial penicillin, with 
emphasis on the penicillin G, has increased the need for more accurate 
methods of analysis. Since crude penicillin is known to be a mixture of two 
or more of the naturally occurring penicillins (1) and since biochemical 
methods of assay become complicated and uncertain when more than two 
penicillins are present in a mixture, chemical and physical methods seemed 
to offer the best hope for success. 

The first step in determining the percentage of penicillin G in a product 
is to ascertain the total amount of all the penicillins present. Several 
chemical methods for the assay of total penicillin have been proposed. 
Herriott (2) described a method based on heating penicillin in acetate 
buffer, pH 4.6, and determining the increase in ultraviolet absorption at 
322 my with a spectrophotometer. Scudi (3) has reported a colorimetric 
method based on the reaction between a special dye and penicillin, which is 
followed by removal of the unused dye and measurement of the combined 
dye. The titrimetric procedures include the iodometric method of Alicino 
(4) and the penicillinase method of Murtaugh and Levy (5). Two titri- 
metric methods have been developed in this Laboratory.!. One is dependent 
on alkali inactivation in conjunction with hydrogen peroxide and is similar 
in principle to the penicillinase method but more rapidly accomplished. 
The other method involves only inactivation with alkali, followed by back 
titration of the excess alkali. 

The method which we propose for the determination of total penicillin 
involves merely reading the optical rotation of a solution of known con- 
centration. The specific rotation of pure sodium penicillin G is + 298° 
+ 3°, whence the molecular rotation is 106° + 1° X 10%. This value 
appears, within the limits of experimental error, to be the same for the 
other varieties of penicillin, and since these differ relatively little in mo- 
lecular weight the specific rotation of a sample may be taken as a measure of 
the total penicillin content. Some decomposition products of penicillin 
possess optical activity, but observations made on a large series of samples 

' Chas. Pfizer and Company report to the Committee on Medical Research, Office 
of Scientific Research and Development, August 13, 1945. 
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have shown this activity to be insignificant. In fact, almost all com- 
mercial penicillin, 800 units per mg. or over, has given extremely accurate 
values by this method, as shown in Table I. In cases of doubt, total 
penicillin may be checked by biological means (6) or by one of the chemical 
methods previously mentioned. 

Our procedure for the estimation of penicillin G is based on the fact that 
the absorption spectrum of sodium penicillin G in the region 250 to 280 my 
contains the characteristic “breaks” of the benzyl group at 258 and 263 my 
(Fig. 1, Curve 3). In contrast, other penicillins not containing an aromatic 
side chain give a non-characteristic absorption with very low values for the 
optical density in the range 260 to 280 my. Penicillin X* has a very high 


TaBLe I 


Comparison of Polariscopic and Iodometric Assays for Total Penicillin Content 








Sample No. Polariscopic Iodometric 
per cené per cent 
1 100 100 
2 98 YY 
3 97 96 
4 96 94 
5 96 95 
6 97 96 
7 96 95 
be 95 92 


optical density at 280 my, whereas the other species have a minimal or low 
absorption at this wave-length. Macpherson’s modification of the Pauly 
reaction (7) was adapted to the estimation of penicillin X in the presence of 
a large amount of penicillin G. Sodium penicillin G gives a definite yellow 
color with the Pauly test, but the presence of more than 0.5 per cent of 
penicillin X is indicated by the development of a pink color. As can be 
seen by a consideration of the absorption spectra, the presence of penicillin 
X will greatly affect the accuracy of the penicillin G determination, and the 
method reported here is not recommended for samples containing more 
than 1 per cent penicillin X. Fig. 2 shows the absorption spectrum for 
essentially pure sodium penicillin X (Curve 1), while Fig. 1 shows the 
absorption for a mixture of 95 per cent penicillin G with 5 per cent penicil- 
lin X (Curve 1). 

The assay method for penicillin G consists of measuring the optical 


2 We wish to thank Dr. Henry Welch of the Food and Drug Administration for 4 
supply of sodium penicillin X. 
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density at 263 my and subtracting from this figure the optical density at 
280 mu. This difference in optical density is then representative of the 
amount of penicillin G present. A graph showing the optical density 
difference plotted against per cent penicillin G in the sample is shown in 
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Fic. 1. Ultraviolet absorption spectra of crystalline sodium penicillins in 1 cm. 
cells (1.8 mg. per ml.). Curve 1, 95 per cent penicillin G plus 5 per cent penicillin X; 
Curve 2, commercial penicillin G (1600 units per mg.); Curve 3, pure penicillin G 
(1667 units per mg.); Curve 4, penicillin K, also identical curve for a mixture of 
penicillin F species. 


Fig. 3. The instrument which we have used is a Beckman quartz spec- 
trophotometer. 

The presence of small amounts of penicillin decomposition products 
causes a shift in the absorption spectrum which results in higher optical 
densities. When this decomposition is sufficient to give an optical density 
higher than 0.10 at 280 mu, purification of the sample is necessary and can 
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be accomplished by the conversion of the penicillins to the ammonium 
salts. 

When the optical density at 280 my is 0.10 or less, spectrophotometrie 
readings can be made directly in the manner used below for the purified 
ammonium salt. However, this condition is comparatively rare and for 
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Fic. 2. Ultraviolet absorption spectra of crystalline sodium penicillins in a 1 em. 
cell (1.8 mg. per ml.). Curve 1, penicillin X; Curve 2, penicillin G. 


the most part a purification will be necessary. Two procedures are used. 
Procedure A is useful with crystalline penicillin salts or yellow amorphous 
penicillins having a potency of 1400 units per mg. or better. Procedure B 
is necessary with some crude amorphous products. The need for a separate 
method for the more crude samples of penicillin will become obvious from a 
study of the yield of ammonium salts obtainable from different qualities of 
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OPTICAL DENSITY DIFFERENCE 
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PERCENT PENICILLIN —G 





Fic. 3. Change in optical density difference (263 to 280 my) with increase in per 
cent penicillin G at a concentration of 1.8 mg. per ml. of penicillin. 
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Fic. 4. Recovery of ammonium penicillin with increasing ammonium sulfate con- 
centration. Curve 1, crystalline sodium penicillin G (1667 units per mg.); Curve 2, 
amorphous sodium penicillin (1400 units per mg.); Curve 3, same (1250 units per mg.) ; 
Curve 4, same (1000 units per mg.); Curve 5, same (900 units per mg.). Penicillin 
concentration, 1.8 per cent; pH 7; —5° for 1 hour. 
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product (Fig. 4). In either case, the total penicillin must be determined 
as indicated previously. 


EXPERIMENTAL 


Procedure A—A 180 mg. sample of the product to be analyzed for total 
penicillin was dissolved in 10 ml. of freshly boiled and cooled distilled water 
at 22-24°. The angular rotation was determined within a period of 19 
minutes and the specific rotation calculated in the usual manner. 

A solution of pure penicillin G, similarly prepared, is used as a standard ip 
the polariscopic assay. Subsequent determinations of penicillin concen. 
trates are based on this standard. Pure sodium penicillin G, as determined 
in our laboratory on numerous samples, has a specific rotation of +298° + 
3° at 25°. The per cent total penicillin was calculated as follows: 


Specific rotation of sample X 100 i iooae 
¥ J = © total penicillin 


Specific rotation of pure sodium penicillin G 
Results obtained with samples of penicillin from a number of manv- 
facturers are shown in Table I. 

To each 5 ml. of a solution from the polariscopic assay were added 18 
gm. of pure ammonium sulfate and 1 drop of 3 per cent ammonium hy- 
droxide. The mixture was slowly cooled to —5° with stirring, and held at 
this temperature l hour. The crystalline slurry was filtered through a pre- 
chilled semimicro Biichner funnel and the filter cake was washed with 1 to3 
ml. of ice-cold 40 per cent ammonium sulfate solution. The precipitate 
was dissolved in 5 ml. of water and the penicillin determined in both this 
solution and the mother liquor polariscopically. 

On the basis of the polariscopic assay, the purified ammonium salt was 
diluted to a concentration equivalent to 1.8 mg. of total sodium penicillin 
per ml. The solution was placed in a 1 ecm. quartz cell and the optical 
density was determined for the wave-lengths 263 and 280 mu. From these 
values, the optical density difference was calculated. 

(Optical density at 263 mu) — (optical density at 
280 mu) = optical density difference 

With this value, the per cent of sodium penicillin G in the sample may be 
determined from Fig. 3. Pure sodium penicillin G at a concentration of 18 
mg. per ml. exhibits an optical density difference (263 to 280 my) of 0.79. 

Notes—By the ammonium salt precipitation method, materials of 1400 
units per mg. quality are sufficiently purified to give absorption spectra 
approaching those of the pure penicillins (Fig. 1). In the case of the pre- 
cipitated ammonium salt, more latitude is permissible in regard to the 
optical density at 280 mu and this may be considerably higher than the 
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0.10 limit on the sodium salt without interfering with the accuracy of the 
determination. As will be seen from Fig. 4, the yield of ammonium salt 
from material of 1400 units per mg. is better than 90 per cent. It has been 
found that the proportion of the various penicillins in the mother liquor is 
essentially the same as in the precipitate and no correction is necessary for 
this difference from a quantitative yield. This is illustrated by two ex- 
amples chosen from a large number of experiments. 

To 10 ml. of a solution containing 120 mg. of sodium penicillin G, 10 mg. 
of penicillin K, and 10 mg. of penicillin F was added sufficient ammonium 
sulfate to give a concentration of 36 gm. per 100 ml. On standing at 10—- 
15° for 2 hours, a 95 per cent recovery of the penicillins, as the ammonium 
salts, was obtained by filtering and washing with cold saturated ammonium 
sulfate. The polariscopic-ultraviolet absorption assay showed 83 per cent 
of penicillin G and 17 per cent of other penicillins. The amount of peni- 
cillin G as added to the original sample was 85.7 per cent. 

Another sample was prepared from 240 mg. of sodium penicillin G and 
60 mg. of sodium penicillin F. It was treated with 20 ml. of saturated 
ammonium sulfate and 95 per cent of the penicillins were recovered. The 
polariscopic-ultraviolet absorption assay showed 80 per cent of penicillin G, 
which exactly corresponds with the amount introduced. 

Fig. 1 illustrates the absorption spectra of various samples. Curve 4 
was obtained by plotting the values for sodium penicillin K and a mixture of 
F species penicillins in which the penicillin G content was essentially zero. 
These two penicillin species gave identical curves. Curve 3 represents 
crystalline sodium penicillin G of practically 100 per cent purity as regards 
both total penicillin and penicillin G. The minimal value at 280 my and 
the low peak at 320 mu indicate the absence of penicillin degradation prod- 
ucts. Curve 2 represents a crystalline sodium penicillin G in which de- 
composition has occurred, and the high optical density values at 280 and 
320 mu attest this. 

The per cent sodium penicillin G, as mentioned in this paper, refers to a 
ratio of the amount of this species divided by the amount of total penicillin 
present. The value thus obtained, when considered in comparison with the 
per cent of total penicillin present, as determined by the polariscopic assay, 
may be used to find the per cent of penicillin G in the sample. 

Procedure B—The sample was prepared for polariscopic assay in exactly 
the same manner as in Procedure A. A somewhat larger sample was used 
in this case because two different ammonium sulfate precipitations were 
performed. Total penicillin was determined as in Procedure A and one- 
half of the solution was converted to ammoniym salt exactly as previously 
outlined. The other half of the solution was treated with 2.1 gm. of pure 
ammonium sulfate and 1 drop of 3 per cent ammonium hydroxide for each 
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5 ml. This mixture was cooled to —5° with stirring and held at this 
temperature for 1 hour. The ammonium penicillin was filtered and washed 
as before and then total penicillin on both precipitate and mother liquor 
was determined. The two purified ammonium salt solutions were diluted 
to 1.8 mg. per ml. on the basis of the polariscopic assay and the difference 
in optical density determined as described under Procedure A. Con. 
sideration of the different values for the percentage of penicillin G in the 
total penicillin ammonium salts compared with the yield from the crude 
penicillin will enable one to extrapolate with reasonable accuracy to give 
the correct per cent of sodium penicillin G in the sample. 

Notes—The method of extrapolation gives results of sufficient accuracy 
for the more crude penicillins. For example, penicillin of 1000 units per 
mg., shown in Fig. 4 (Curve 4), gave a 62 per cent yield of total ammo- 
nium penicillins, of which 88 per cent was penicillin G, when the concen- 
tration of ammonium sulfate was 30 per cent (1.8 gm. added to 5 ml), 
When this same sample was precipitated at 34 per cent ammonium sulfate 
concentration (2.1 gm. added to 5 ml.), the penicillin G content was deter- 
mined as 90 per cent and the yield of penicillin was 74 per cent. Then 
the per cent of penicillin G was plotted against the per cent yield for ammo- 
nium penicillin. From experience with samples of somewhat higher po- 
tency, from which several points on the curve have been obtained, this was 
assumed to be a straight line function. Therefore, on drawing a straight 
line through the two points at 88 and 90 per cent, we find the value of 
94 per cent for the theoretical 100 per cent recovery. 


DISCUSSION 


The method as outlined in this report has been for the determination of 
sodium penicillin G in sodium penicillin mixtures. It is obvious that by 
using other salts as standards, the method may be applied to any salts of 
penicillin wherein the base radical has no absorption which interferes in the 
260 to 280 mu range. Moreover, other wave-lengths and other concen- 
trations of ammonium sulfate may be used if desired. Variations will be 
apparent to any worker who applies the method to his particular problem, 
and further information about the sample may be gained by determining 
values at additional points. The method reported has been used routinely 
for several months in this laboratory and is felt to be extremely accurate 
on high quality material; even with amorphous penicillin having a potency 
of 900 units per mg. the accuracy is about +3 per cent. 


SUMMARY 


A polariscopic-ultraviolet absorption method, including an ammonium 
salt precipitation, is described by which penicillin G may be determined in 











hed 
uor 


nce 
On- 
the 
ide 


ive 


ate 











GRENFELL, MEANS, AND BROWN 535 


salts of mixed penicillins. This method is recommended for white crystal- 
line commercial products and for yellow amorphous penicillin of potency as 
low as 900 units per mg. 
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THE PURIFICATION OF HISTAMINE FOR BIOASSAY* 


By FLOYD C. McINTIRE, L. W. ROTH, anp J. L. SHAW 


(From the Departments of Biochemistry and Pharmacology, Abbott 
Research Laboratories, North Chicago) 


(Received for publication, June 17, 1947) 


The purification of histamine for assay purposes has been the subject 
of reports by several investigators (1-9). The available methods are 
not readily applicable to large numbers of samples, especially when there 
is less than 2 y of histamine per sample. The ultrafiltration method of 
Emmelin probably is the least objectionable from the standpoint of time 
consumed and equipment required, but this method has yet to be tested 
thoroughly, and one should suspect that its selectivity for histamine may 
be inadequate in some cases. 

The purpose of this publication is to present a new method for the puri- 
fication of histamine which is very suitable for application to large numbers 
of samples and which promises a high degree of selectivity. The essential 
features of this method are as follows: An aqueous, histamine-containing 
extract from tissue is extracted with n-butanol under conditions such that 
nearly all the histamine is removed from the aqueous phase in one extrac- 
tion. The histamine is recovered from the butanol by means of a new 
cation exchange medium, cotton acid succinate. The histamine is eluted 
from the cotton acid succinate with a small volume of dilute hydrochloric 
acid and the eluate is neutralized with sodium hydroxide to give an isotonic 
solution suitable for bioassay. 

Effect of pH and Salt Concentration on Distribution of Histamine between 
Water and Butanol—The first step in the development of this histamine 
purification procedure was to find a simple extraction procedure by which 
histamine could be separated from most of the other constituents of an 
aqueous extract of biological origin. We found that the distribution of 
histamine between water and butanol at a high pH could be shifted in 
favor of the butanol by the addition of a water-soluble salt to the system. 
Experiments were then set up to determine quantitatively the effect of 
both pH and salt concentration. Of several salts which were investigated, 
sodium sulfate was finally chosen because of its high water solubility, etc. 

The data of Fig. 1 show the distribution of histamine between butanol 
and water (a) as related to sodium sulfate concentration in the aqueous 
phase at an optimum pH, and (0) as related to pH at an optimum or near 


*Preliminary report presented before the Federation of American Societies for 
Experimental Biology, Chicago, May 20, 1947. 
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optimum salt concentration. These data show the per cent of histamine 
in the butanol phase at equilibrium when the water and butanol phages 
are at equal volumes. The data are expressed in this manner rather than 
in terms of distribution coefficients in order to show more clearly the pla. 
teaus in the distribution curves. The per cent of histamine which goes 
into the butanol phase changes very slightly with salt concentration aboye 
about 22 per cent or with pH above 12.5. 

In the routine procedure, described later, a mixture of sodium sulfate 
and trisodium phosphate is employed to yield an aqueous solution of about 
22.5 per cent (weight to volume) sodium sulfate and about 3 per cent (0.17 
M) trisodium phosphate, with a pH between 12.5 and 13. The salt mixture 
dissolves readily and produces optimum conditions for the extraction, 
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Fia. 1. The effect of salt concentration and pH on the distribution of histamine 


between water and butanol. 


The distribution of histamine between water and n-butanol, isobutanol, 
tertiary butanol, n-amyl alcohol, and isoamyl alcohol was determined at 
pH 13 and 25 per cent sodium sulfate concentration. mn-Butanol proved 
to be the alcohol of choice. 

Recovery of Histamine from Butanol Solution by Means of Cotton Acid 
Succinate—Following the development of conditions for the extraction of 
histamine from aqueous solution by means of butanol, a simple quanti 
tative method of recovering histamine from the butanol was desired. Such 
a procedure should yield, with a minimum of manipulations, an aqueous 
solution of physiological salt concentration which is free of organic solvents 
and in which the histamine is sufficiently concentrated for bioassay. Per- 


haps the simplest procedure to satisfy these requirements would be the 
removal of histamine from the butanol by means of a cation exchange 
medium, or an adsorbent, from which the histamine could be eluted easily 


with a small volume of an aqueous solution. 


The available cation exchange 
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media and histamine adsorbents were investigated. Several materials 
of both classes would remove histamine quantitatively from butanol, 
but the recovery of histamine was very unsatisfactory in all cases. 
Finally, cotton acid succinate (hereinafter abbreviated as CS) was 
developed especially for this procedure. This material has the gross me- 
chanical properties of cotton. It is produced by esterifying with succinic 
anhydride only a fraction of the free hydroxyls of cotton. For every 
hydroxyl group esterified, there is a free carboxyl which can function in 
eation exchange reactions. When a butanol solution of histamine is 
filtered through a small pad of CS, the histamine is quantitatively removed 
from the butanol. The CS can, without loss of the histamine, be washed 
with water until free of alcohol. The histamine can then be quantitatively 


TaBLeE I 


Recovery of Histamine from Water and Butanol Solutions by Means of Cotton Acid 
Succinate (CS) 








Original histamine 











Solvent 
In CS filtrate In CS eluate 
per cent per cent 
Water* 0.6 102 
0.3 104 
Butanolt 1.2 97 
1.4 97 





*5 cc. of aqueous histamine, 30 y per cc., 0.014 wt Na;PQ,. 
t5 cc. of butanol, 67 y of histamine per cc. 


eluted from the CS with a small volume of dilute hydrochloric acid. The 
concentration of hydrochloric acid may be chosen so that neutralization 
with sodium hydroxide will yield an aqueous isotonic solution which may 
be assayed biologically for histamine. 

The data of Table I illustrate the recovery of histamine from water or 
butanol solutions by means of CS. The solutions were filtered through 100 
mg. CS pads. . The pads were washed well and then eluted with 1 cc. of 
0.4 n hydrochloric acid, followed by 1 cc. of water. In these experiments, 
a chemical determination of histamine was employed. The data show 
that the recovery of histamine by cation exchange on CS is quantitative, 
within the accuracy of the histamine determination. 

Detailed Procedure for Purification of Histamine in Blood Plasma—Thus 
far this procedure for the purification of histamine has been applied only 
to free histamine in animal blood plasmas. The details of the procedure 
are as follows: 

1. In glass-stoppered test-tubes place 2 cc. of plasma; dilute to 4.5 cc. 
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with saline and add 1.2 gm. of a salt mixture containing 6.25 gm. of an. 
hydrous sodium sulfate to 1 gm. of trisodium phosphate monohydrate, 
Stopper the tubes and shake thoroughly. 

2. To each test-tube add 5 ec. of butanol; shake vigorously for a few 
seconds; let stand a few minutes and then shake briefly to break the protein 
gel. Shake vigorously in a mechanical shaker for 4 hour and then cep- 
trifuge at about 2000 R.P.m. for 15 to 20 minutes in a No. 1-SB Internationa] 
centrifuge with a No. 240 head. 

3. Transfer 4.6 ec. of butanol solution from each test-tube to a CS tube 
(Fig. 2, B, and Fig. 2, C) which contains 100 mg. of CS packed tightly in 


» 


a 


« aR 


center, and top plates are made of 4 inch aluminum plate; the sides are of 3/16 
inch aluminum plate); B, CS tube with 100 mg. CS pad; C, glass weight which rests 
on CS pad to keep it firmly packed; D, pipetting bulb arrangement. 


Fic. 2, A, special holder for shaking glass-stoppered test-tubes (the bottom, 


the 6 mm. tube at the bottom. On account of the protein pad which is 
packed between the two liquid phases during centrifugation, the complete 
transfer of the butanol phase to the CS tube would be difficult, and 4.6 
ec. of butanol are nearly all that can be taken conveniently and consis- 
tently. The total volume of the butanol phase is 5.54 cc.; therefore only 
83 per cent of the histamine which goes into the butanol phase is transferred 
to the CS tube. The transfer of exactly 4.6 ec. of butanol is most con- 
veniently accomplished by means of a serological pipette (calibrated to the 
tip), to which is fitted a rubber bulb with a bead valve (Fig. 2, D). The 
bulb is attached to the pipette; the bead valve is opened and the bulb is 
exhausted. The bulb serves as a “vacuum reservoir” which will draw the 
liquid up into the pipette. The amount of liquid drawn up is easily regu- 
lated by the bead valve. 














a-n ae a 





ate, 


few 
tein 


nal 


ube 


yin 











MCINTIRE, ROTH, AND SHAW 541 


4, After the butanol has passed through the CS pad, wash the CS tube 
and pad with 3 cc. of 95 per cent ethyl alcohol, followed by 3 cc. of water. 
By means of a stirring rod, remove the last drop of water from the tip 
of the CS tube. Place a small test-tube or vial graduated to 2.5 cc. under 
the tip of the CS tube and elute the histamine with 1 cc. of 0.4 N hydro- 
chloric acid, followed by 1 cc. of water. Neutralize the eluate with 0.5 
ce. of 0.8 N sodium hydroxide and adjust the volume to 2.5 cc. if necessary. 
This solution may be assayed biologically for histamine without further 
manipulation. 

For the purification of large numbers of samples, the following time- 
saving devices may be employed: 

In Step 1, a small metal cup may be used to measure the 1.2 gm. aliquots 
of salt mixture. Slight deviations from the specified quantity of salt 
mixture are not of significant consequence. 

For Step 2, a 5 ec. Machlett automatic pipette was used in measuring 
out the butanol. A special rack was built (Fig. 2, A) in which 50 glass- 
stoppered test-tubes could be clamped securely during the mechanical 
shaking. ‘This rack was clamped firmly in a precision equipoise heavy duty 
shaker, so that the tubes were lying lengthwise with the stroke of the shaker. 
The glass-stoppered test-tubes were of the following specifications: Pyrex, 
16 to 16.5 mm. outer diameter, 126 mm. over-all length, 104 mm. length 
below the joint, standard taper 13/14 flat stoppers with the stopper head 
18 mm. in diameter. With tubes so designed, No. 356 metal cups with 
No. 355 three place trunnion carriers may be used in the centrifugation 
(Step 2). It has been found advisable to coat the test-tube stoppers with 
a thin film of vaseline before each experiment. 

For Steps 3 and 4, 50 CS tubes have been used simultaneously. The CS 
tubes may be used almost indefinitely without changing the CS pads if 
suitable precautions are taken. The CS pad must not be treated with an 
excess of strong bases in aqueous solution; it should be washed thoroughly 
with water and then with 95 per cent alcohol immediately after each experi- 
ment. 

With the equipment specified, one technician can purify the histamine 
from 50 plasma samples in 3 to 33 hours. 

Distribution studies in which histamine was determined chemically 
indicate that 93.3 per cent (average value) of the total histamine goes into 
the butanol phase in Step 2. Of this, 83 per cent is transferred to the CS 
pad in Step 3. With a 100 per cent recovery of histamine from the butanol 
by means of CS, the over-all yield of this procedure should be 77.4 per cent 
of the original total histamine. This figure can be increased to 95 per cent 
by the use of two butanol extractions instead of one (repeating Steps 
2 and 3). 

Table II shows the recovery, with one butanol extraction, of a known 
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quantity of pure histamine which had been added to rabbit, guinea pig 
and dog blood plasmas. For these data the cat blood pressure assay for 
histamine was employed. This assay was performed on cats anesthetized 
with a phenopentobarbital mixture. Samples and histamine standards 
were administered via the femoral vein with the blood pressure recorded 
graphically from the carotid artery. Standardization was achieved by the 
injection of histamine in doses of 0.1 to 0.3 y until reproducible blood 
pressure drops were obtained. The fall in blood pressure produced by 
each sample was compared with histamine standard doses interspersed 


Tas_e II 
Recovery of Histamine from Animal Blood Plasmas 








| | Histamine recovered | 








Plasma | Histamine added | Per cent recovery 
Calculated Found 
7 Y 7 
Rabbit 0 0.15 
0 0.15 
8 6.2 6.4 101 
8 6.2 6.4 101 
8 6.2 6.7 106 
Guinea pig 0 0.32 
0 0.25 
6.2 6.4 98 
6.2 6.55 101 
8 6.2 6.70 103 
Dog 0 0.0 
0 0.0 
6.2 6.4 103 
6.2 6.8 110 
6.2 6.65 107 





throughout the experiment, and intermediate values were interpolated. 
The accuracy of this method averages within +10 per cent. 

The data of Table II suggest that the above purification procedure is 
highly selective for histamine. There was no histamine activity extracted 
from the heparinized dog plasma “blanks.”” The small amount of his 
tamine extracted from the rabbit plasma “blanks” represents only 5 to8 
per cent of the total histamine found in rabbit blood (2). On several | 
occasions we have found, by means of the isolated guinea pig intestinal 
strip, that the histamine activity extracted from heparinized rabbit plasma 
could be nullified by small quantities of antihistamine drugs. The amount 
of histamine extracted from guinea pig plasma is approximately equal 
to the total histamine of guinea pig blood (2). Since in this case some 
hemolysis had occurred before the blood cells were separated from the 
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plasma, it might be expected that the plasma would contain nearly all 
of the blood histamine. 

This procedure can be made even more selective for histamine by extrac- 
tion of the plasma first with ether and then with butanol. The ether ex- 
tract would contain no histamine and should not be filtered through the CS 
pad. Many drugs (amines), which might interfere with the histamine 
assay, are extracted from water by ether under these conditions and may 
thus be separated from histamine. 


Materials and Methods 


The butanol, anhydrous Na,SO,, and Na;PO,-H,O were of reagent grade. 
The NasPO,-H,O was obtained by drying reagent grade Na3PO,-12H.O at 
100° for 48 hours, then at 300° for 2 to 3 hours. The salts were finely pow- 
dered and mixed in a ratio of 6.25 gm. of Na,SO, to 1 gm. of NasPO,-H,0. 
In the study of histamine distribution between water and butanol as related 
to pH, phosphate buffers were used to obtain solutions of pH 10.5, 11, 11.5, 
and 12 (10). For pH 12.5 unbuffered solutions were made to 0.03 N with 
sodium hydroxide; for pH 13 0.1 N sodium hydroxide solutions were used. 

Cotton acid succinate was prepared as follows: Fused sodium acetate 
(5 gm.) and succinic anhydride (40 gm.) were dissolved in 300 cc. of glacial 
acetic acid. Cotton (10 gm.) was immersed in this solution; a drying tube 
was attached to the flask and the temperature was maintained at 100° 
for 48 hours. The partially esterified cotton was filtered off, washed well 
with water, dilute hydrochloric acid, water, and finally with aleohol. The 
product was dried in a vacuum oven. 

The chemical method used for histamine determination was a modifica- 
tion' of the method published by Baraud (11). 


SUMMARY 


A histamine purification procedure has been given in detail. By this 
procedure free histamine may be purified for bioassay quickly and in good 
yield. The method is particularly designed for the purification of a large 
number of samples at one time. 


The authors are grateful to Muriel Sproull for technical assistance and 
to William Campbell of the Engineering Department for the illustrations. 
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THE BIOLOGICAL SYNTHESIS OF RADIOACTIVE ADRENALIN 
FROM PHENYLALANINE 


By SAMUEL GURIN ann ADELAIDE M. DELLUVA 


(From the Department of Physiological Chemistry, School of Medicine, University of 


Pennsylvania, Philadelphia) 
(Received for publication, June 21, 1947) 


Although there is indirect evidence that tyramine (1, 2), phenylethyl- 
amine, and phenylalanine (3) may be converted to adrenalin by surviving 
slices of adrenal medulla, the mechanism of these conversions is still obscure. 
Vinet (4), while denying that tyramine is a biological precursor of adrenalin, 
was nevertheless able to demonstrate that the same tissue is able to convert 
8-(3 ,4-dihydroxypheny]l)-ethylamine to adrenalin. 

Although there is no direct evidence that 8-3 ,4-dihydroxyphenylalanine 
is a normal metabolite in mammals, nevertheless there is a considerable 
body of evidence indicating that kidney (5), liver (6, 7), intestine (8), and 
pancreas (9) contain enzyme systems capable of converting this amino acid 
to its corresponding amine. Medes (10) has reported the recovery of 
3-3 ,4-dihydroxyphenylalanine from urine when large amounts of tyrosine 
were administered to an individual with tyrosinosis. 

In order to study the metabolic steps involved in the biological formation 
of adrenalin, radioactive pi-phenylalanine was synthesized and adminis- 
tered to rats with the hope that it would be possible to demonstrate its con- 
version to adrenalin in the intact animal. 


EXPERIMENTAL 


Phenylalanine Labeled with H*—2.0 gm. of pt-phenylalanine were heated 
for 6 days at 50° with 8.5 gm. of 84 per cent sulfuric acid made from SO; and 
TOH. For the separation of tritium-labeled phenylalanine the procedure 
of Moss and Schoenheimer (11) was employed. 1.8 to 1.9 gm. of re- 
crystallized product were recovered. 

Analyses for tritium were carried out with a Geiger tube which could be 
evacuated and filled with the gas sample. A standard mixture containing 
helium (60 mm.), aleohol vapor (10 mm.), and hydrogen (10 mm.) was em- 
ployed. The instrument was calibrated with tritium prepared from 
standard solutions of TOH of known radioactivity. For analysis of organic 
compounds, oxidation by heating with CuO was employed. The evolved 
water was frozen and converted by means of metallic sodium at low tem- 
perature to hydrogen, which was then admitted into the Geiger tube. 
The counts were calculated in terms of counts per minute per mole of 
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compound. The error involved in the estimation is approximately ]5 
per cent. 

Phenylalanine Labeled with C'*--For the synthesis of phenylalanine 
labeled with C™ in the a- or carboxy! carbons, doubly labeled glycine was 
prepared. 10 gm. of radioactive barium carbonate (containing a total 
radioactivity of 1.2 X 10? counts per minute) were converted by way of 
barium carbide and acetylene into doubly labeled acetaldehyde (12), 
The acetaldehyde was oxidized by shaking with silver oxide to acetic acid, 
which was recovered by acidification and steam distillation. The over-all 
yield of sodium acetate recovered by neutralization and evaporation was 
40 per cent. The sodium acetate was diluted with 3 times its weight of 
non-radioactive sodium acetate and the product converted to doubly 
labeled ethyl bromoacetate (12). By condensation with potassium 
phthalimide followed by subsequent hydrolysis, doubly labeled glycine was 
prepared (12). The glycine was converted to hippuric acid and condensed 
with benzaldehyde, yielding the azlactone (72 per cent yield) which was 
then converted with P and HI (13) to phenylalanine (69 per cent yield), 
The reactions involved are as follows: 


* * x OT »% * * * * * + 
BaCO; — BaC, — HC = CH — CH; CHO — CH; COOH — BrCH,COOC.H,; — 


+ @¢CHO * —_ 
— @CH,CHNH,COOH 


azlactone synthesis 


* * * * 
NH, CH; COOH — @CONHCH, COOH 


Radioactivity measurements were made with a thin mica window Geiger 
tube employing BaCO; plates. Organic substances were oxidized by the 
method of Van Slyke and Folch (14), and the evolved CO, was trapped in 
saturated Ba(OH). solution. The washed, dried BaCO; was converted 
into a suitable plate, as described elsewhere (15), and measured. The 
actual counts were corrected to the number of counts given by a plate of 
infinite thickness (16) and calculated as counts per mg. of carbon per 
minute. From this value the counts per mole of carbon per minute were 
calculated. 

Animal Experiments with Tritium—Tritiophenylalanine was fed as 1 per 
cent of the stock diet to a 150 gm. rat for a period of 10 days. The weight 
of phenylalanine consumed was 0.9 gm. The animal was anesthetized 
with amytal and the adrenal glands were removed and promptly ground up 
with 2 N acetic acid containing SO». 50 mg. of non-radioactive adrenalin 
were added as a carrier. The suspension was heated for a few minutes at 
90°, chilled, centrifuged, and the supernatant fluid and washes concentrated 
in vacuo under N; to dryness. The temperature was maintained at 35°. 
The residue was extracted several times with a few ml. of ethanol, centr- 
fuged, and the solution concentrated in vacuo under N: to dryness. The 
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residue was dissolved in minimal dilute acetic acid containing SO, and the 
solution made alkaline with NH;. After chilling for several hours, crystal- 
line adrenalin was centrifuged and recrystallized three times by solution in 
acetic acid followed by alkalization with NH;. 30 mg. of colorless 
crystalline adrenalin were recovered ; m.p. 205-206°, mixed m.p. 205—205.5° 
uncorrected. [a]» = —51.0° (1 per cent in 0.1 N HCl containing SO.). 

Experiments on Animals with C'-Labeled Phenylalanine—Three experi- 
ments were run with C'-labeled phenylalanine. In the first experiment, 
three 100 mg. portions of phenylalanine (total 300 mg.) in dilute alkali 
(pH 8.5) were injected intraperitoneally at 2 hour intervals into a 250 gm. 
rat. 6 hours after the first injection the animal was anesthetized with 
amytal and the adrenals removed. 50 mg. of non-radioactive adrenalin 
were added as a carrier and the isolation of adrenalin performed as described 
above. 30 to 35 mg. of adrenalin were recovered after three recrystal- 
izations; m.p. 205.5-206°, mixed m.p. 205.5-206° uncorrected. [a]o = 
—50.4°. 

In the second experiment, a single injection of 100 mg. of isotopic phenyl- 
alanine was given. ‘The animal was anesthetized 24 hours later and adren- 
alin isolated in the usual manner. In this case 35 mg. of adrenalin were 
used as a carrier and 20 to 25 mg. recovered after three recrystallizations. 

In the third experiment, two rats weighing 150 to 200 gm. each were 
injected once daily for 3 days with 100 mg. of radioactive phenylalanine. 
Each rat received, therefore, 300 mg. of isotopic phenylalanine. On the 
4th day the rats were anesthetized, the adrenals combined, and 50 mg. of 
adrenalin added as the carrier. After three recrystallizations 30 to 35 mg. 
of adrenalin were recovered. In this isolation, 10 to 20 mg. of non-radio- 
active phenylalanine were dissolved in the acetic acid used for the third 
recrystallization of the adrenalin. The adrenalin was precipitated with 
NH; and a fourth recrystallization performed in the presence of added 
non-radioactive phenylalanine; m.p. 205.5°, mixed m.p. 205-206° uncor- 
rected. [alp = —50.8°. 

In order to be certain that the isolated adrenalin was not contaminated 
with traces of radioactive phenylalanine, a control experiment was per- 
formed. 10mg. of phenylalanine labeled with C were mixed with 50 mg. 
of non-radioactive adrenalin. The mixture was dissolved in 2 N acetic 
acid and the adrenalin precipitated with excess ammonia. The adrenalin 
was recrystallized in the same way two more times. The product contained 
no demonstrable radioactivity. 


Results 


In Table I are listed the results obtained with the animal to which 
phenylalanine labeled with tritium had been administered. The recovered 
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adrenalin was significantly radioactive, despite the large dilution resulting 
from the addition of 50 mg. of carrier adrenalin to probably no more thay 
0.2 to 0.3 mg. of endogenous adrenalin. 

The adrenalin samples recovered after the administration of phenyl. 
alanine labeled with C' were either very weakly radioactive or border line 
(Table I). As a further check on the radioactivity of these preparations, 
they were submitted to oxidation with a slight excess of periodic acid jp 
2.5N H,SO,. In strong mineral acid, the formation of the usual red oxidg. 
tion products is minimal. After standing 4 hours, formaldehyde was 
steam-distilled and absorbed in cold alkaline hypoiodite. After acidificg. 


TABLE | 


Results of Administration of Tritium-Labeled and C'4-Labeled Phenylalanine* 








Tritium experiment H?, counts per mole per min, 





Administered tritiophenylalanine 7 X 108 
Body water (blood) 2 xX 105 
1.2 X 104 


Recovered adrenalin 





ys C4, counts per mole 
— nts ° x . 
C** experiments C per min. 


4.4 X 108 


Administered phenylalanine (a-carbon) 


Recovered adrenalin, Experiment 1 3.0 X 108 
Formic acid C from adrenalin, Experiment 1 3.7 X 104 
Recovered adrenalin, Experiment 2 4.0 X 108 
Formic acid C from adrenalin, Experiment 2 1.7 X 108 
Recovered adrenalin, Experiment 3 2.0 X 10 
Formic acid C from adrenalin, Experiment 3 1.3 X 10° 


* All counts are excess counts corrected for background. 


tion and removal of excess I, with NaS.Os3, the resulting formic acid was 
oxidized by boiling under a reflux with mercuric acetate in weak acetic acid. 
The evolved CO, was trapped in barium hydroxide solution and tested for 
radioactivity. Essentially all of the radioactivity was found to be present 
in the formic acid carbon. No radioactivity could be detected in the re 


maining carbons. 
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DISCUSSION 


These results indicate that phenylalanine is a precursor of adrenalin. 
The location of the C" in the isolated adrenalin demonstrates that, in addi- 
tion to decarboxylation, the side chain remains attached to the benzene 
nucleus during the biological synthesis of adrenalin. 


* * * 
<— CH: CHNH: COOH — <——— CHOH CH: NHCH; 


(‘ 
5 ) OH 


OH 


These results suggest that the biosynthesis of adrenalin is not brought about 
by a condensation of benzaldehyde or p-hydroxybenzaldehyde with sar- 
cosine, as suggested by Rosenmund and Dornsaft (17). 

The tritium content of the adrenalin recovered in the first experiment is 
higher than one would predict on the basis of dilution with carrier adrenalin 
and simultaneous loss of 4 out of the 5 tritium atoms of the benzene nucleus. 
These results suggest that either adrenalin turnover is rapid and the gland 
utilizes circulating phenylalanine or tyrosine efficiently, or that some trit- 
jum may have been present in the side chain and was partly retained during 
the conversion to adrenalin. The possibility exists that more than 1 
tritium atom remains attached to the aromatic nucleus during this biosyn- 
thesis. The latter suggestion is rather surprising if one assumes that an 
orthoquinone is an intermediate in the formation of adrenalin from phenyl- 
alanine or tyrosine. However, Anchel and Schoenheimer (18) have re- 
ported a somewhat analogous situation in the case of deuteriocoprostanone 
labeled with deuterium on carbons located a to the ketone group. When 
this material was administered to a man, coprosterol isolated from this 
individual contained appreciable amounts of deuterium. 

From a quantitative point of view the results obtained in this series of 
experiments are not significant, since the radioactivity of the adrenalin was 
very low. The formic acid derived from the adrenalin samples was, how- 
ever, considerably more radioactive. Qualitatively, it seems quite clear 
that the recovered adrenalin was radioactive and that the radioactivity is 
localized entirely in the terminal carbon of the side chain. 


We wish to acknowledge our indebtedness to the David, Josephine, and 
Winfield Baird Foundation for financial aid and to express our thanks to 
Dr. Allen F. Reid for advice and help with the measurements of radioactivity. 
Our thanks are also due the American Cancer Society for financial aid. 
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SUMMARY 


pL-Phenylalanine labeled with C™ in the carboxy! or a-carbons was 
synthesized from doubly labeled glycine. Upon administration to ratg 
this substance was converted to radioactive adrenalin which could be 
recovered by the addition of non-radioactive adrenalin as a Carrier to 
extracts of the adrenals. The recovered adrenalin was radioactive and 
found to contain C™ localized in the terminal carbon of the side chain, 

Tritium-labeled phenylalanine is similarly converted to adrenalin. The 
evidence suggests that the biological conversion not only involves de. 
carboxylation of phenylalanine or one of its derivatives but that the result. 
ing amino ethyl side chain remains attached to the benzene nucleus during 
the biological synthesis of adrenalin. 
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FRACTIONATION, ELECTROPHORESIS, AND CHEMICAL 
STUDIES OF PROTEINS IN SERA OF CONTROL 
AND INJURED DOGS* 


By ERLAND C. GJESSING, STEPHAN LUDEWIG, anp ALFRED CHANUTIN 


(From the Biochemical Laboratory, University of Virginia, Charlottesville) 


(Received for publication, June 9, 1947) 


The occurrence of unusual configurations in the electrophoretic patterns 
of plasma of experimental animals (1) and man (2) after injury and disease 
is of interest. In those conditions accompanied by trauma or destruction 
of tissue, the a-globulin concentration increases. The present investiga- 
tion is an attempt to determine the type of proteins responsible for the 
abnormal patterns seen in dogs after injury by vesicants, thermal injury, 
and turpentine. 

Cohn and his associates (3) described methods for fractionating plasma 
proteins by using varying concentrations of ethanol at different hydrogen 
ion concentrations, low ionic strengths, and low temperatures. These 
procedures are valuable in concentrating and purifying plasma proteins. 
Advantage is taken of these new techniques to aid in the identification, 
purification, and chemical analysis of the proteins present in the sera of 
control and injured animals. 


Methods 


Animals were injured with sulfur mustard, turpentine, and heat according 
to procedures previously described (1). The experimental dogs were 
anesthetized with sodium pentobarbital and exsanguinated from a cannula 
in the femoral artery. The blood was collected in centrifuge bottles and 
was allowed to stand at room temperature until the clot was well retracted. 
The serum was withdrawn immediately after centrifugation. An attempt 
was made to process the serum immediately but if this was impossible it 
was frozen and stored. Before the frozen serum was used, it was allowed 
to thaw slowly in a cold room at 2-5°. 

A well insulated stainless steel tank containing 75 gallons of 30 per cent 
alcohol was used for maintaining low temperatures during the processing of 
sera and supernatants. The temperature of the alcohol-water mixture was 
usually maintained at —5° and the fluid was kept circulating by means of 
a large stirrer. Centrifugation was carried out between 0° and —10° in 

*The work described in this paper was done under contract between the Medical 
Division, Chemical Corps, United States Army, and the University of Virginia. 
Under the terms of this contract the Chemical Corps neither restricts nor is re- 
sponsible for the opinions or conclusions of the authors. 
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either a large capacity Servall angle centrifuge (type G/1), a high speed 
Servall angle centrifuge (type SS-1), or in a motor-driven Sharples clarifier 
centrifuge, in which all parts coming in contact with solutions were of 
stainless steel. The centrifuges were operated in constant temperature 
cabinets, and the temperature was registered on a Brown continuous 
recorder. 

Fractionation of sera and supernatants was performed in stainless stee] 
beakers. These containers were suspended in the bath by means of rigid 
supports and the solutions were stirred by variable speed motor-driven 
stainless steel stirrers. The volumes of sera were measured at room tem- 
perature and supernatants at —5°. No correction was made for volume 
changes due to temperature. The ethanol concentrations of the solutions 
were adjusted by either 53.3 or 95 per cent ethanol. The ionic strengths 
of the solutions were adjusted by adding calculated amounts of sodium 
acetate-acetic acid buffer (3) or molar sodium chloride separately or dis- 
solved in 53.3 per cent ethanol. Whenever the fraction was dissolved 
in water or saline for fractionation, the solvent was first brought close to 
the freezing point. Ethanol, ethanol-buffer, ethanol-NaCl, or salt mix- 
tures were equilibrated to low temperatures in narrow necked graduated 
cylinders immersed in the bath and were added to the serum or the super- 
natant at the rate of 20 to 30 ml. per minute through a siphon by means 
of a constant air pressure. 

The pH of the solutions was usually adjusted with an acetate buffer 
of pH 4.0 and an ionic strength of 0.4. The successive steps in most frae- 
tionation procedures require increased hydrogen ion concentrations. To 
determine the amounts of buffer to be added, a few ml. were titrated with 
an acetate buffer of pH 4.0 with an ionic strength of 0.016. Molar sodium 
bicarbonate was used whenever the pH was to be increased. 

Immediately after the precipitation of a fraction, an aliquot was dis- 
solved in a barbiturate-NaOH buffer (pH 8.6, ionic strength 0.1) and 
was dialyzed against 2 liters of this same buffer for 3 days at 2-5°. Elee- 
trophoresis was carried out in the Tiselius apparatus according to Longs- 
worth’s modification of the schlieren method (4). A long single section 
cell of 11 ml. capacity was used. Electrophoresis was usually allowed to 
continue for 7200 seconds at 2° with a potential gradient of 5 to 8 volts per 
em. The mobility calculations were based on the distance from the salt 
effect peak (6) to the peaks of the respective components. The descending 
pattern was used for computing mobility, but in some instances it was 
necessary to use the ascending pattern. Measurements made from the 
initial boundaries could not be used because of the large variations iD 


values. 
Protein fractions, dried to constant weight over P2O; in vacuo, were 
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extracted by two different procedures for the analysis of total lipide C (5), 
total and free cholesterol (6), and phospholipide (7). Procedure I involved 
two extractions with an absolute ethanol-ethyl ether mixture (1:1) under 
reflux. Because of poor yields in fractions having low lipide contents, it 
was suspected that the boiling temperature (about 40°) of the extraction 
mixture was too low. Satisfactory extraction of total lipide C, total 
cholesterol, and phospholipide was obtained by first extracting the dried 
protein with absolute ethanol for 12 hours under a reflux, which was fol- 
lowed by a second extraction with an absolute ethanol-ethyl ether mixture 
(1:1) (Procedure II). Further investigation indicated that the free choles- 
terol values were too low by this latter method. The procedures recom- 
mended for the determination of free and total cholesterol in plasma by 
Sperry (6) were adapted to the wet fractions (Procedure III). The data 
are expressed in terms of dry weight. 

Cholesterol was converted to cholesterol carbon with the factor 0.839. 
The fatty acid bound to cholesterol was estimated by multiplying the 
ester value by 0.67 and its carbon content was obtained by multiplying 
by 0.759. Phospholipide phosphorus was converted to phospholipide by 
using the factor 23.7 and the carbon was obtained by multiplying by 0.648. 

Hexosamine was determined in a number of fractions by adapting the 
method of Palmer, Smyth, and Meyer (8) to the Evelyn colorimeter. 
Choline was determined on the alcohol-ether extract by Engel’s (9) method. 
Total nitrogen was analyzed by the micro-Kjeldahl method. 


Results 


During the course of these investigations, a large number of mobility 
data were collected for dog sera. The mean values and the standard errors 
for each protein component are shown in Table I and serve as the guide for 
identifying the various proteins in the isolated fractions. 

Four major fractions were obtained from the serum of normal dogs by 
fractionation according to Method 6 described in detail by Cohn and as- 
sociates (3). While studying the serum of injured dogs it was found 
that two new fractions designated as Fractions IV and IV-4fl were present 
after the subcutaneous injection of turpentine or the application of bis(s- 
chloroethyl) sulfide to the skin. All sera were consequently fractionated 
according to the outline shown in Diagram 1. Electrophoretic patterns 
for five of the six fractions are shown in Figs. 1 and 2; solutions of Fractions 
IV-4 were usually too turbid for analysis. 

The data for the percentage distribution of proteins in whole serum or 
plasma’ which were fractionated are presented in Table II. An increase 
in the percentage distribution of the a-globulins and a decrease in the 
albumin were constantly observed in the sera of these injured dogs. Elec- 
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trophoretic analyses of dog sera were far from satisfactory, since many 
of the patterns were not clearly defined. At times it was necessary to 
consider a group of proteins as a single entity. 

Each of the main fractions was fractionated and the methods used (Dia. 
grams | to 6) and the percentage distribution of proteins (Tables I to VII) 
are detailed. 

Fraction II+-III was fractionated according to the procedure described 
by Cohn and associates (10) in their Method 9 and is outlined in Diagram 2, 

The two fractions, Nos. II+III-W and III-0, were first precipitated 
and each was subjected to further fractionation. Fraction II + IIL-W 
yielded Fractions III, III-3, II-3, and II-1,2. Further fractionation of 
Fraction III yielded Fractions ITI-2 and III-1. Thus Fraction IT + ITI-W 


TaBLeE I 
Mobilities of Components in Whole Serum* 





Globulins 
Albumin | _ . 25 — 
an- | a2- Bi- B- 














Descending boundaries (25 dogs) 








[ . . 
7.2 & 0.04 | 5.6 + 0.08 | 4.6 + 0.08 3.3 40.08 2.8 + 0.08 | 1.8 + 0.08 











Ascending boundaries (8 dogs) 








(5.8+0.14 | 5.040.12 | 3.8+40.09 3.1+0.12 | 2.040.0 


7.8 = 0.10 











* In barbital buffer at pH 8.6, ionic strength 0.1, and temperature 2°; expressed 
as cm.? volt~! sec.-' K 10-5. 
+ Standard error. 


yielded five subfractions. Procedures developed in this laboratory for frac- 
tionating Fraction III-O0 into two main subfractions (Nos. III-OA and 
III-OB) are outlined in Diagram 3. The yield of Fraction II[I-O0A is con- 
sistently increased in injured animals. 

Fraction II + III and its subfractions contained all of the y- and most 
of the 8-globulins (Table III). The small amounts of a-globulin and 
albumin present may be due in part to occlusion of the supernatant. The 
effect of injury on the percentage distribution of proteins in the main 
fraction is difficult to assess because of the large variation in values for 


the control and experimental animals. 

Fraction II-3 is made up almost entirely of 8- and y-globulins. ‘The 
percentage distribution of 8-globulins increases in this fraction obtained 
from dogs injured by turpentine. Fraction II-1,2is an electrophoretically 
pure y-globulin in control serum; a small amount of 8-globulin ts present 
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in the fraction of the turpentine-injured dog. A comparison of the mobili- 
ties and of the conditions for precipitation of the y-globulins of Fractions 
II-3 and II-1,2 indicates that these are probably two distinct proteins in 




















DiaGRaM 1 
Major Fractionation of Serum 
Serum 
| Ethanol 25°%; 
| pH 6.8; 
T/2 0.08 
| 
Supernatant II + III; ethanol 18%; pH 5.8; Fraction II + III 
T’/2 0.06 
| | 
Supernatant IV; ethanol 18% ; pH 5.1; Fraction IV 
| T/2 0.06 
= _ 
| 
Supernatant IV-1; ethanol 40°; pH 5.8; Fraction IV-1 
2 0.09 
| 
Supernatant IV-4; stood at —10° 48 hrs. Fraction IV4 
eee | 
Supernatant IV-4fl; ethanol 40°%; pH 4.8; Fraction IV-4fl 
| r 20.09 
a hethcendteinaiaienlignistiteti 


Fraction V 


(1) The serum is brought to a final ethanol concentration of 25 per cent by adding 
53.3 per cent ethanol. (2) Fraction IV, when present, is precipitated from Super- 
natant II + III by first lowering the ethanol concentration to 18 per cent with water 
and then adjusting the pH to 5.8 with acetate buffer and allowing to settle for 8 hours. 
(3) Adjustment of the supernatant to pH 5.1 yields Fraction IV-1 after standing at 
-—5° for 12 hours. (4) Fraction IV-4fl is precipitated from Supernatant IV-4 after 
standing in a tall cylinder in the bath at —8° to —10° for 48 hours. The flocculent 
precipitate is collected after siphoning off the supernatant and is characterized by a 
low density. In order to obtain a well packed precipitate, it is necessary to centri- 
fuge this material for an hour at 12,000 r.p.m. in a high speed angle centrifuge at —10°. 
(5) Fraction IV-4 yields solutions too turbid for electrophoretic analysis. 


dog serum. Fraction III-1 is composed of 8- and y-globulins. Fraction 
III-2 consistently yields solutions too turbid for electrophoretic analysis, 
but the few available data indicate that it is composed chiefly of a- and 
8-globulins. 

Fraction III-0 is difficult to analyze owing to the turbidity of the solu- 
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tion. From the available data, it may be said that a- and 8-globulins are 
the chief components of this fraction. 

Fraction IV is obtained in small amounts from the sera of most of the 
injured dogs (Table VII). It is composed chiefly of a- and §-globulins 


o 





6 YTB aa, 
7 8020, A 
7 O82 aa: A 
702 Q:Q4 
SERUM (C) SERUM (T) PLASMA (™) PLASMA (8) 
yaa A 
7TBQa A 
yea A 
+I (c) I+ (™) r+ (tT) 


7% 
7/ 
Ba 
xB Y Bb | 
T- 3 (c) II- 3(T) O-!), 2(7) II -!(T) II- 0-B(T) 


Fic. 1. Ascending electrophoretic patterns of dog serum, plasma, and fractions in 
barbiturate buffer, pH 8.6, 1/2 0.1 at 2°. C., control; T., turpentine; M., mustard; 


B., burned. 


(Table ITV). Insufficient amounts are available for subfractionation and 
it was combined with Fraction IV-1 for fractionation. 

Fraction IV-1 is composed chiefly of a- and §-globulins (Table IV); 
the percentage distribution does not appear to be affected by injury. This 
fraction contains a new component having a mobility between 6.0 and 6.5 
x 10-5. This protein is classified as a and has a mobility between that of 
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albumin and q-globulin. Two subfractions, Fractions IV-1A and IV-1B 
(Diagram 4), are composed chiefly of a-globulins. The fast component 
a does not appear in the subfractions. 

Fraction IV-4 vields solutions which are usually too turbid for electro- 
phoretic analysis, but its subfractions are satisfactory for study (Diagram 5, 
Table V). Thus far, Fraction IV-4B has been separated only from the 
sera of three dogs subjected to turpentine injections. Fraction IV-4 
of two burned dogs was subfractionated without obtaining Fraction IV- 
4B. Insufficient material was available after mustard treatment to de- 
termine the presence of this fraction. 


TaBLeE II 
Electrophoretic Analyses of Dog Sera and Plasma Used for Fractionation 








Per cent distribution 
No. of samples! Treatment* 





| 





| Albumin a 8 ee 
3 N. 46 | 20 %| 6 | 8 | 
4 T. 31 en 
2 B. 31 30 24 7 (16)t 
1 M. 38 27 16 | 4 15 





*N., control; T. represents Runs 1,7, and 35; 0.5 ml. of turpentine injected sub- 
cutaneously into six different sites on the back; the dogs sacrificed 3 days later; 
B., dogs clipped under deep anesthesia, dipped into hot water at 75° for 6 seconds, 
and sacrificed 4 and 7 days later; M., cutaneous application of 40 mg. per kilo of bis- 
(8-chloroethyl) sulfide; dogs sacrificed 4 days later (Run 70). 

t Value for one dog. 


Excellent electrophoretic patterns obtained for Fraction IV-4B in two 
dogs injured with turpentine showed different configurations (Fig. 2). 
One appeared to be composed of a fairly homogeneous protein with a 
mobility of 5.7 X 10-°. The predominant proteins of the other showed 
two distinct peaks having mobilities of 5.4 and 5.0 X 10-5 and could be 
classified as a-globulins. 

Fraction IV-4C is composed principally of a-globulins and is the largest 
subfraction of Fraction IV-4. It is obtained in increased amounts from 
the sera of the injured dogs. Fractions IV-4D and IV-4E contain most 
of the albumin present in the main fraction. An appreciable amount of 
a-globulin is present in Fraction IV-4E, obtained from the serum of in- 
jured animals. 

Fraction IV-4fl can be separated from the serum of dogs treated with 
mustard and turpentine. It was not recovered from the sera of the control 
or burned animals. The mobility of the main component is about 5.0 
X 10-5 and it is therefore classified as an a»-globulin. 
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DIAGRAM 2 


Subfractionation of Fraction II + III 


Fraction IL + III dissolved in 7.5 times its weight of H,O 











Ethanol 206 per cent; 


pH 7.2 








Supernatant II + III-W; ethanol 25 %; Fraction If + II[L-W 
| PH 5.7 (Ca Ac 


L - 





Fraction III-0 


The aqueous solution of Fraction II + III is brought to 20 per cent ethanol by 
adding 53.3 per cent ethanol and to pH 7.2 by adding a small amount of NasHPQ, to 
precipitate Fraction II + III-W. Fraction III-0 is precipitated after adjusting 
Supernatant II + III-W to pH 5.7 with calcium acetate buffer (pH 4.0) and the 
ethanol concentration to 25 per cent with 95 per cent ethanol. The precipitate 
settled for 48 hours at —5°. After separating Fraction III-0 in the angle centrifuge, 
the supernatant is practically protein-free. If the Sharples centrifuge is used for 
this separation, a turbid supernatant is obtained which contains appreciable amounts 
of protein. This residual protein could best be precipitated by adjusting the ethanol 
to 40 per cent and centrifuging off in the angle centrifuge. Whenever this is done, the 
precipitate is pooled with Fraction III-O0. Fraction II + III-W yields a clear solution 
in the barbiturate buffer, while Fraction III-0 is usually too turbid for electrophoretic 


analysis. 
Fraction II + III-W dissolved in 11 times its weight of H.O 





| Ethanol 6.9%; 
| pH 5.4; T/2 0.005 





Supernatant III; ethanol 177; pH 5.2; T/2 0.015 Fraction III 


l — 


r 





Supernatant III-3; ethanol 17°, ; pH 5.2; T'/2 0.05 Fraction III-3 


1 — 





Supernatant II-3; ethanol 22°7; pH 7.5; I'/2 0.05 Fraction I1-3 





| 
Fraction II-1,2 


Fraction II + III-W, dissolved in water, is adjusted to pH 5.4 and ionic strength 
of 0.005 with acetate buffer and to 6.9 per cent ethanol with an equal volume of 13.8 
per cent ethanol. The precipitate (III) is removed by centrifugation at —2°. Frac- 
tion III-3 is obtained by adjusting the pH of Supernatant III to 5.2 with acetate 
buffer, the ionic strength at 0.015 with NaCl, and the ethanol to 17 per cent with 53.3 
per cent ethanol. Fraction II-3 is precipitated by increasing the ionic strength of 
Supernatant II-3 from 0.015 to 0.05 with NaCl. Fraction II-1,2 is removed by cen- 
trifugation after the supernatant is adjusted to pH 7.5 with NaHCO,, and the etha- 
nol concentration increased to 22 per cent by addition of 95 per cent ethanol. Fraec- 
tion III, which is turbid in aqueous solution, is further fractionated. 
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DracramM 2—Concluded 


Fraction III dissolved in 11.5 times its weight of H,O 





| pH_ 5.4; P'/2 0.08 


= 





| 


Supernatant III-2; ethanol 15°; pH 6.3 Fraction III-2 





Fraction III-1 


An aqueous solution of Fraction III is adjusted to pH 5.4 and an ionic strength of 
0.08 with acetate buffer. This mixture is stirred for several hours and left for 8 
hours at 0° and Fraction III-2 is centrifuged off. Fraction III-1 is precipitated and 
removed by centrifuging after the supernatant is adjusted to pH 6.3 with NaHCO, 
and to 15 per cent ethanol by adding an equal volume of 30 per cent ethanol. Solu- 
tions of Fraction III-2 are always too turbid for electrophoresis; solutions of Frac- 
tion III-1 are usually clear. 


DIAGRAM 3 


Subfractionation of Fraction III-0 
Fraction III-0 dissolved in 10 times its weight of 0.85% NaCl, pH 7.0 


+ 





Dialyze (72 hrs.); 
pH 5.8 
| 
Supernatant III-O0A; ethanol 40°%; pH 4.8 Fraction III-OA 
| 








| 
Fraction III-OB 


Precipitate III-0 is stirred for several hours with physiological saline, adjusted 
to pH 7.0 with NaHCO, at 0° until dissolved. This solution is dialyzed in a cello- 
phane tubing for 72 hours at 5° against running tap water. The dialyzed solution is 
adjusted to pH 5.6 to 5.8 with pH 4.0 acetic acid-acetate buffer and allowed to re- 
main at 0° for about 12 hours. Fraction III-OA is removed by centrifuging at 0°. 
To Supernatant III-OA, 53.3 per cent ethanol which contains acetate buffer is added 
to give a final pH of 4.8 and an ethanol concentration of 40 per cent; Fraction III-OB 
is precipitated and centrifuged at —5° immediately. 


Fraction V, which is chiefly albumin, contains appreciable amounts of 
a-globulin in the controls and larger amounts in injured animals. Pro- 
cedures described by Cohn (3) (Diagram 6) for the preparation of pure albu- 
min are not successful in separating the a-globulins from albumin. 

The yields for various fractions are shown in Table VII. The increase in 
the a-globulin-rich fractions (Nos. IV-4 and IV-4fl) and the decrease in the 
albumin-rich fraction (No. V) parallel the changes noted in the electro- 
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phoretic patterns of the sera of injured animals. 


After the subfractionation 


of Fraction II + III from serum of turpentine-injured dogs, there was a 
decrease in the yields for y-globulin (Fractions II-3 and II-1,2) and a 
striking increase in the a- and §-globulins (Fraction III-0). 


TaB_Le III 


Electrophoretic Analyses of Fraction II + III and Subfractions 





Per cent distribution 








No. of samples| Treatment* Fraction No. cri A 

Albumin a 8 y 
2 N. II + Ill 13 18 48 21 
3 . - 8 15 60 17 
2 B. “3 12 19 54 15 
1 M. - 8 32 50 10 
1 M. II-3 2 17 81 
2 » 2 wi 2 38 60 
1 N. II-1, 2 100 
] y A "a 8 92 
1 N. III-1 10 44 46 
1 . # a4 57 43 
] ” III-0 8 53 27 12 

* See Table IT. 
TaBLe IV 


Electrophoretic Analyses of Fraction IV, and Fraction IV-1, and Subfractions 


Per cent distribution 


Lt A Treatment*® Fraction No. ahmed 

Albumin a 

2 Z. IV 18 

2 B. ~ 20 

l M. 13 

2 N. IV-l 24 19 

1 B. 17 

2 M. 16 24 

l N. IV-1A S 

] yy t 7 

2 ‘s IV-1B 6 

l IV-1C 60 


See Table II. 


a 8 7 
50 2 

50 30 

64 21 2 
41 16 

71 12 

45 15 

64 28 

77 16 

68 26 

40 


The data for lipide and nitrogen analyses for two control and two turpen- 
tine-injected dogs are shown in Table VIII. The results for Dogs 7 and 
8 are limited, owing to the small amount of serum. The lipides of these 


sera were extracted according to Procedure I. 


The sera for Runs 34 and 
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35 represent pooled samples from control and injured dogs, obtained through 
the courtesy of the Medical Division, Edgewood Arsenal. These animals 
were not in good shape at the time of the experiment and the sera were 
usually turbid on arrival in this laboratory. The results for these last 
two runs may not be typical for healthy control or turpentine-injected 
dogs. Lipide extractions for Runs 34 and 35 were performed according 
to Procedures II and III. 


DIAGRAM 4 


Subfractionation of Fraction IV -1 
Fraction IV-1 dissolved in 6 times its weight of H.O at pH 7.0 





r 


| Ethanol 10%; 
| pH 5.3; T'/2 0.03 





| 
Supernatant IV-1A; ethanol 30°, ; pH 5.3; T'/2 0.07 Fraction [V-1A 
| 
Supernatant IV-1B; ethanol 40°7; pH 4.8 Fraction [V-1B 
| 








| 
Fraction IV-1C 

Fraction IV-1 is dissolved in water, and brought to pH 7.0 with NaHCO, with 
stirring at 0°. The ionic strength is raised to 0.03 with NaCl, pH lowered to 5.3 with 
acetate buffer, and ethanol adjusted to 10 per cent with 53.3 per cent ethanol. The 
resulting precipitate (Fraction IV-1A) is separated by centrifuging. The ionic 
strength and ethanol concentration of Supernatant [V-1A are changed by the same 
procedures outlined above. Fraction IV-1B precipitates immediately and is removed 
by centrifuging. By lowering the pH of Supernatant IV-1B to 4.8 with acetate buffer 
and raising the ethanol concentration to 40 per cent with 95 per cent ethanol, Fraction 
IV-1C is removed by centrifuging. (In Run 7, Fractions IV and IV-1 were com- 
bined and fractionated as above.) 


Fractions II + IIJ—The increase in the total lipide C on the whole 
sera of turpentine-injected dogs appears to be due chiefly to changes in 
Fraction II + III. Subfractionation of Fraction II + III in sera of 
injured animals yields increased amounts of Fraction III-0 which contain 
larger concentrations of lipide C than was found in the controls. The 
lipide C concentrations of the y-globulin-rich Fractions II-1,2, II-3, and 
III-1 are not changed appreciably after injury. 

Fraction IV-1—The lipide concentrations of Fractions IV-1A and IV-1B 
are not appreciably affected by injury. Although the distribution of the 
a- and 8-globulins is about the same in these two fractions, the lipide con- 
centrations are different. The lipide concentration of Fraction IV-1C is 
greater in the serum from the controls than from injured animals. 
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Fraction IV-4—Fraction IV-4A, which was insoluble and was obtained 
during the first subfractionation procedures (Runs 7 and 8), contained 5,] 
and 6.6 per cent total lipide C in sera from control and turpentine-treated 
dogs, respectively. 


DiaGram 5 


Subfractionation of Fraction IV-4 


Fraction IV-4, dissolved in 12 times its weight of 0.85%NaCl, pH 7.0 














Dialyze; 
pH 5.8 
| 
l 
Supernatant IV-4B; ethanol 28°; pH 5.6; ['/2 0.08 Fraction IV-4B 
| 
Supernatant IV-4C; ethanol 40%; pH 4.8; T'/2 0.1 Fraction IV4C 
| 


| 
Supernatant (settled 48 hrs.) 
| 


Fraction IV-4D 





Fraction IV-4E 


Fraction IV-4 is dissolved by stirring for several hours in saline brought to pH 
7.0 with NaHCO; at 0°. In a few experiments an insoluble gelatinous precipitate is 
formed on standing at 0° and is called Fraction IV-4A. The solution of Fraction 
IV is dialyzed against running tap water maintained at 5° for 72 hours and is then 
adjusted to pH 5.8 with acetate buffer. Fraction 1V-4 obtained from the serum of 
severely injured animals immediately yielded a flocculent precipitate which packed 
well on centrifugation. This precipitate designated as Fraction IV-4B is not found 
in normal dog serum. To the supernatant of Fraction IV-4B, sufficient NaCl is 
added to give an ionic strength of 0.08; the ethanol concentration is brought to 28 
per cent and pH 5.6 with 53.3 per cent ethanol containing the acetate buffer. This 
mixture is stirred for several hours at —5° and kept at that temperature overnight. 
Fraction IV-4C is removed by centrifuging. The ionic strength of the supernatant 
of Fraction IVC is raised to 0.1 with NaCl, the pH lowered to 4.8 with acetate buffer, 
and the ethanol concentration increased to 40 per cent with 95 per cent ethanol. A 
precipitate (Fraction IV-44D) forms immediately on mixing and is centrifuged down 
at once. If the supernatant of Fraction IV-4D is allowed to stand at —5° for 48 
hours, a precipitate (Fraction IV-4E) settles out from the sera of severely injured 


dogs. 


Data for two samples of Fraction IV-4B, found only in the serum of 
turpentine-injected dogs, are presented. The fraction obtained in Run 7is 
characterized by a low nitrogen content (3.6 per cent) and a very high total 
lipide C concentration (51.0 per cent). This lipide C could be almost 
completely accounted for as phospholipide and cholesterol. The fraction 
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TABLE V 
Electrophoretic Analyses of Subfractions of Fraction IV -4 





| 


Per cent distribution 























No.of samples | Treatment® Fraction No. nee he 
|  Abumin a > 
2 : IV-4B 5 91 4 
1 N. IV-4C 14 76 10 
2 as - 15 79 6 
1 M. _ 21 68 11 
2 2 IV-4D | 51 48 1 
2 B. - 33 57 10 
1 N. IV-4E 87 13 
l 7. - 47 53 
1 B. ste 55 45 
2 z. IV -4f 22 76 2 
4 See Table II. 
Ba =A 
B me 
IV (m) —tadlal (Cc) Iv-! (™) 


a 
aa Ba,a, A G,G,A 
iil i v 


W-4Bit1) W-4 B7) IWZ-4C (tT) Iv-4D (71) IV-+€E (1) 


Li 


IV- 4Fv (7) Vim 


Fic. 2. Ascending elec — tic patterns of fractions of dog sera in barbiturate 
ike. i 8.6,7,/20.1: . C., control; T., turpentine; M., mustard; B., burned. 
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of Run 35 has a total lipide C concentration of 34.4 per cent and a nitrogen 
concentration of 7.2 per cent. Only 63 per cent of this lipide C could be 
accounted for and most of this is due to phospholipide. The effect of 


TaBLe VI 
Electrophoretic Analyses of Fraction V and Its Subfraction 





Per cent distribution 


No. of samples Treatment* Fraction No. {| ____ : Ss es — 

Albumin a 8 

2 | ON. V 82 16 2 

1 ‘< * 64 36 

1 B. - 65 35 

1 M. “ 78 28 

1 | N. V-l 75 24 1 

1  ¥ sc 65 35 

1 N. V-2 88 12 

1 3 “ 78 22 








* See Table IT. 


DIAGRAM 6 


Subfractionation of Fraction V 


Fraction V dissolved in 6 times its weight of H,O 


— 
| 





Ethanol 18%; 
| 


i 





Supernatant V-1; ethanol 40%; pH 4.8 Fraction V-1 


| 





Fraction V-2 


The procedures for purification of the albumin are similar to those described by 
Cohnfet al. (3). Fraction V is dissolved in water at 0°, the pH adjusted to 4.3 with 
acetic acid, and the ethanol concentration raised to 18 per cent; Fraction V-1l is pre- 
cipitated at once. Supernatant V-1 is adjusted to pH 4.8 and an ethanol concentra- 
tion of 40 per cent and Fraction V-2 is obtained. Fraction V-1 usually yields a turbid 
solution while Fraction V-2 usually yields a clear solution. 


injury on the lipide constituents of Fraction IV-4C is not striking or con- 
sistent in the two experiments. 

Fraction IV-4C, which is the principal fraction of Fraction IV-4, is com- 
paratively rich in lipide. Injury does not cause consistent changes in the 
lipide concentration or distribution. 

Fraction IV-4fl—The results of the lipide analyses of two different frac- 
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tions obtained in Runs 7 and 35 are given. The lipide C concentrations 
are 2.1 and 11.6 per cent respectively. Practically all of this lipide is 
accounted for as phospholipide. 

Fraction V—The lipide C concentration of this albumin-rich fraction is 
diminished after injury. Further subfractionation yields fractions which 
are cholesterol-free and low in phospholipide content. 

The results in Table VIII show consistent changes for a number of frac- 
tions in the two groups. The y-globulin-rich Fractions I-1,2 and II-3 are 
decreased in amount but the low lipide concentrations are not changed 
after injury. Fraction III-0, composed chiefly of a- and §-globulins, 
shows absolute increases in lipides due to increased yields and concentra- 


TABLE VII 


Yields of Major Fractions and Subfractions of Dog Sera Expressed in Dry Weights per 
1000 Ml. of Whole Serum 














Fraction No. Control, Run 34 Turpentine, Run 35 Turpentine, Run 7 

gm. gm. gm. 
II + Ill 26.0 28.0 25.0 
IV None None 1.8 
IV -l 4.4 5.0 1.3 
IV4 6.8 14.0 13.0 
IV-4fl None 3.0 3.0 
V 21.0 16.0 12.0 
II-3 6.2 0.7 
II-1, 2 2.3 0.8 
[11-2 1.4 3.4 | 
ITI-1 4.1 2.7 | 

9 5.0 


III-0 9.0 1 


tions in the sera of turpentine-injected dogs. ‘The two samples of. Fraction 
IV-4B, found only in the sera of turpentine-injected dogs, have the highest 
concentration of lipide constituents recorded in these experiments. The 
absolute amounts of lipides of the a-globulin-rich Fraction IV-4C are 
increased in the injured animals, chiefly because of the greater yields. The 
lipide concentrations and content of Fraction V are decreased in the sera of 
injured dogs. 

The inability to account for all of the lipide C in most of the fractions 
as cholesterol, cholesterol fatty acids, and phospholipide is probably due to 
the presence of undetermined fatty acids or neutral fat. 

Sulfur Mustard Injury—The changes in the lipide components for three 
main fractions of the serum of a dog treated with bis(8-chloroethy]) sulfide 
are shown in Table IX. Sulfur mustard was applied (40 mg. per kilo) 
under sodium pentobarbital anesthesia to the shaved back and the animal 
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was sacrificed 4 days later. 


Nitrogen and Lipide Analyses of Protein Fractions in Control and Turpentine. 
Injected Dogs 


Fraction 


NO 


gen 


gm. 


per 


| cent 


II + Ill | 14.3 
II-3 





II-1,2 
III-1 
III-0 
IV-1A 

IV-1B 12 
IV-1C 14. 
IV-4A ll 
IV4B 

IV4C 11.6 
IV-4fl 

V 13.7 
Serum 12.4 
II + III |"14.0 
11-3 15.4 
II-1,2 14.8 
Ill-1 14.8 
[II-0 13.7 
IV-1 12.4 
IV-4 | 12.6 
IV4B | 
IV4c / 11.9 
Iv4i | 

Vv | 13.8 | 


| 
| Nitro- 


The total lipide C and total cholestero| 
concentrations were increased in Fractions II + III and IV-4 and de. 


Taste VIII 





Total 
lipide 
c 


gm. 
per 
cent 


2.4 


| 18.3 


_ 
Cr Oenoownu 


| 
| 


oor 3 bo 


2. 


Total 
choles 
terol 


Control 


gm. 
per 


cent 


0.45 


76 
98 
13 
45 


— — — oe 


7.82 


0.26 


Control, 


Rs 
1.2 
0. 


.0 


~ 


- Wh 
o 


uo 
~1 


1.3 | 


Free cholesterol 


, Run 8 


per 


cent 


Run 34 


19 
25 


16 


29 
28 


15 
16 


14 


12 











oy per 
cent | “e™é 
2.0 
10.4 
4.7 
3.9 
2.9 
12.8 
0.7 
2.1) 65 
2.2) 80 
0.2) 48 
0.1) 25 
0.8) 46 
2.1) 62 
6.3) 94 
6.4| 100 
5.2 100 | 
1.7| 100 | 


Bie 


Nitro- 


gen 


gm. 
per 
cent 


13.1 
15.0 
14.4 
14.0 
12.6 
12.2 
12.2 

7 


12. 


12.2 


11.3 
13.0 
14.7 


12.1 
12.; 
13. 
14. 
13. 
12 
12. 
11 

rf 
ll. 


cow 


NNWNSSOLS 


a 


14.0 


| Total | 
| choles | 
| terol | 


Total lipide C 


Turpentine, Run 7 


Oo - 
> or bh 


— 


won we 
— 
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* Cholesterol C + phospholipide C + ester cholesterol fatty acids C (gm. 


cent). 


creased in Fraction V. The percentage of free cholesterol increased 
infFractions II + III and IV-4 but decreased in Fraction V. 
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Choline—In order to characterize the type of phospholipide associated 
with various protein fractions, choline and phosphorus of the lipide ex- 
tracts were determined for some lipide-rich fractions and the results are 
shown in Table X. Since the molar ratios of choline to phosphorus are all 
about unity, the phospholipide bound to protein is probably lecithin. 
Taurog, Entenman, and Chaikoff (11) noted a similar relationship between 
choline and P for dog serum. 


TasBLe IX 


Nitrogen and Lipide Analyses of Protein Fractions in Control and Mustard- 
Treated Dogs 





Phospho- | © °% lipide con- 











+ aE Pe a - . Total F - 
Fraction No. Treatment*; Nitrogen Lipide (¢ pe. aM Pe lipide a... 3 
—_ . gm. per cont om. por cont pn. ger cent| pe cent gm. pu coal nent 
II + IL M. 13.0 5.6 2.1 40 2.0 | 67 
C. 14.0 3.7 1.2 25 2.2 80 
I\V-4 M. 9.5 14.2 2.6 32 9.0 63 
C. 12.6 9.4 4.1 16 6.4 100 
V M. 13.1 0.7 0.1 0 0.0 27 
C. 13.8 2.7 1.3 12 > aa 100 
*M., mustard-treated; C., control. 
TaBLe X 


Percentage Disiribution of Choline in Lipides of Some Serum Protein Fractions 














| Control, Dog 8 | Turpentine, Dog 7 
Fraction No. Molar ratio, | Molar ratio, 
Choline _Choline _ Choline __ Choline — 
| Phosphorus Phosphorus 
gm. per cent | gm. per ceni 
II + III 0.53 0.97 
III-OA 1.35 0.94 
III-2 119 | 0.97 
IV-1A 1.48 1.01 
IV-1B 0.73 0.95 0.74 1.14 
IV-4B 1.69 0.94 6.04 0.93 
IV4C 1.95 0.94 1.55 | 0.96 





Carbohydrates—V alues for hexosamine hydrochloride are available for all 
fractions but are not listed; the minimum and maximum values range 
between 1.2 and 2.8 percent. It is not possible to correlate the hexosamine 
concentration with the type of plasma protein. The highest value of 2.8 
per cent is recorded for the a-globulin-rich Fraction IV-4fl. 

An attempt was made to determine the mannose and galactose concen- 
trations of protein fractions by the Sérensen and Haugaard (12) procedure. 
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This method does not appear to give quantitative results for mixtures of 
sugars and the results must be considered as approximations. Since this 
procedure requires a water-soluble protein, only a few fractions could be 
analyzed. The alcohol-ether extracts of the lipide-rich Fraction IV-4B 
give positive reactions with the orcinol reagent, which indicates that lipides 
may interfere with the Sérensen-Haugaard procedure. 

Three analyses which are considered satisfactory give the results shown 
in Table XI. The total carbohydrate concentration of Fraction IV-4f, 
which includes hexosamine and sugars, is 6.5 per cent. 





Taste XI 
Carbohydrate Content in Some Serum Protein Fractions 
Fraction No. | Sugar Type Total lipide C 
per cent per cent 
V ® | Mannose-galactose (2:1) 0.4 
II-3 1.0 Mannose 3 
3.7 Mannose-galactose (2:1) 2.1 


DISCUSSION 


The data for the fractionation of the serum proteins of control and 
injured dogs are limited by the difficulties in obtaining sufficient amounts 
of sera. The presence of a comparatively large number of proteins in dog 
serum is indicated in these experiments. A great deal more work must be 
done to perfect the fractionation procedures with dog serum to isolate 
electrophoretically pure proteins. . 

The influence of injury on the protein-regenerating mechanism presents 
an interesting problem. An a-globulin-rich fraction (No. IV-4B) con- 
taining large amounts of lipide has been found only in the serum of dogs 
injected subcutaneously with turpentine. A carbohydrate-rich fraction 
(No. IV-4fl) with the mobility of a-globulin is present in the animals 
injured by turpentine and mustard. Two widely varying lipide concen- 
trations are recorded for this fraction after turpentine injection. The 
lipide contents of these fractions differ in two groups and appear to depend 
on the condition of the animal and the state of the lipide metabolism. An 
a-globulin-rich fraction termed Fraction IV is present in small quantities 
in the sera of most injured animals. 

The available data show that there is a large difference in both the 
quantity and quality of the lipides associated with protein fractions as 4 
result of injury. For example, not only does the total lipide C increase 
but the percentage of free cholesterol and phospholipides changes in the 
subfractions of Fraction If + III obtained from the sera of turpentine- 
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injected dogs. These changes in the lipide constituents may indicate a 
redistribution of the lipide components as well as the introduction of new 


lipoproteins. 
SUMMARY 


Fractionation procedures are described for the separation of proteins of 
dog serum according to principles and methods developed by Cohn and 
associates. 

The percentage distributions of the proteins in main and subfractions 
are presented for the sera of control and injured (turpentine, heat, and 
bis(8-chloroethy]) sulfide) dogs. 

Three a-globulin-rich fractions, not present in detectable amounts in 
the serum of control dogs, can be separated from the serum of injured dogs. 

Analytical data for total lipide C, total cholesterol, free cholesterol, 
phospholipide, choline, hexosamine, and nitrogen are presented for many 
of the fractions. 

The a- and #-globulins are associated with the increased lipide concen- 
trations noted in the sera of injured animals. 


The authors are indebted to Mr. Curtis 8. Floyd, Mrs. Paula 8. Gjessing, 
Miss Frances E. Haigh, Miss Lucy F. Hoblitzel, Miss Florence L. Jones, 
and Mr. Robert F. Mitchell for technical assistance. 
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THE IMMUNOCHEMISTRY OF TOXINS AND TOXOIDS 


Il]. THE ISOLATION AND CHARACTERIZATION OF 
DIPHTHERIAL TOXOID* 


By LOUIS PILLEMER, DAVID TOLL, ann SHIRLEY J. BADGER 
(From the Institute of Pathology, Western Reserve University, Cleveland) 
(Received for publication, June 14, 194%) 

Crude diphtherial toxoid consists of formalin-treated diphtherial toxin 
and includes culture media constituents and bacterial products. These 
latter substances may eliait severe reactions in human beings. Thus, the 
purification of diphtherial toxoid is important for its use as an improved 
prophylactic agent against diphtheria and for the elucidation of its physical 
characteristics and chemical composition. 

Although diphtherial toxin has been prepared in a highly pure state 
by Eaton (1) and by Pappenheimer (2), many attempts to purify diph- 
therial toxoid have met with varying degrees of success. Leonard and 
Holm (3) thoroughly reviewed the literature prior to 1933 and repeated 
the most promising purification procedures. They found the existing 
methods unsatisfactory. Methods, which gave high yields, produced a 
final product of a low degree of purity. Most of the purified toxoids 
showed signs of denaturation as indicated by either the absence or re- 
tardation of flocculation. It is of particular interest that alcohol or 
combined acid-aleohol precipitations in their hands proved unsatisfactory. 
Furthermore, these investigators experienced difficulty in sterilizing their 
products by filtration. Pope and Linggood (4), employing a complex 
lengthy procedure involving ultrafiltration, washing, adsorption, and 
elution, prepared a toxoid of about 70 per cent purity. Later, Linggood 
(5) modified Eaton and Gronau’s (6) method in which cadmium chloride 
was used and again obtained a toxoid of about 70 per cent purity. These 
authors presented no data on the flocculation time or antigenicity of 
their products and thus the extent of denaturation or the antigenic char- 
acter of the toxoids is unknown. Boivin (7), employing trichloroacetic 
acid precipitation, claimed a final product of about 2000 Lf per mg. of 
nitrogen. However, Pope and Linggood (4) were unable to confirm 
Boivin’s results. 

The practical and theoretical importance of preparing a stable purified 
diphtherial toxoid warrants further attempts. This is especially indicated 
in view of the success encountered in the crystallization of tetanal toxin 


* Aided by a grant from the Lederle Laboratories Division, American Cyanamid 
Company. 
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(8) and the preparation of purified tetanal toxoid for clinical use (9, 10), 
A variable multiphase system of fractionation involving the precise ad- 
justment of methanol concentration, pH, ionic strength, and _ proteip 
concentration under controlled conditions of temperature has proved 
adaptable for the purification of many labile proteins (8-13). Cohn and 
associates (14, 15) employed a similar system in which ethanol instead of 
methanol was used for the purification of plasma proteins. Furthermore, 
it has been recognizefl here (10) that the addition of adjuvants, especially 
dipole ions such as glycine, to purified toxoids allows effective sterilization 
of the toxoid by filtration and markedly stabilizes the antigenic properties 
of the toxoid principle. 

Accordingly, the present report concerns the fsolation and characteriza- 
tion of diphtherial toxoid. Subsequent papers will deal with the prepara- 
tion of the toxoids in a state suitable for human immunization. 


Materials 


The crude diphtherial toxoids' employed in this study were produced 
from toxin prepared on a deferrated semisynthetic medium by use of a 
strain of Corynebacterium diphtheriae especially cultivated for this medium. 
The toxoid was formed by the addition of 0.5 per cent formalin to the 
toxin and aged until the material was non-toxic. 

All reagents were either c.p. or the best grade obtainable. The acetate 
buffer for the pH adjustment of the toxoids is composed of 2.0 M acetic 
acid and 0.4 m sodium acetate. Diluted 40-fold with distilled water, 
this buffer gives a pH of 4. 

P General Methods 

The combining power of the toxoids was determined by the Ramon 
flocculation test. Increasing amounts of toxoid were added to a constant 
amount of antitoxin and the final volume brought to 2 ml. with m/15 
phosphate buffer of pH 7.4. After the contents of the tubes were mixed, 
incubation in a water bath at 50° was carried out until flocculation oe- 
curred. The tubes were read by transmitted light against a dull black 
background. The first tube showing flocculation was the indicator tube, 
and the time in minutes required for this flocculation was the Kf. Since 
a constant amount of antitoxin was employed, the Kf of different samples 
was comparable. 

Methods for the electrophoretic analysis (16) and the ultracentrifugal 
studies? (17) have been reported elsewhere. The buffer used for elee- 
trophoresis had a pH of 8.6 and an ionic strength of 0.1. Solubility de- 


1 Supplied by Lederle Laboratories. 
2 We are indebted to Dr. J. L. Oncley for the ultracentrifugal analysis. 
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terminations were carried out as advocated by Northrop (18). Isolectric 
points were determined by a modification of the method of Michaelis and 
Rona (19). Hydrogen ion determinations were made on the glass elec- 
trode. All pH determinations were made prior to the addition of alcohol 
after warming the sample to 25°. The ionic strength at the pH of the 
fractionations was calculated from the valence of the ions present and 
their concentration after alcohol addition. All centrifugations were 
earried out in a refrigerated centrifuge (International, PR-1). 

Nitrogen was determined by the micro-Kjeldahl method of Pregl. 
Sulfur was determined by the lead acetate method, the nitroprusside 
reaction, and a modification* of a turbidimetric procedure (20). The 
highly sensitive test described by Feigl (21) was also used to detect sulfur. 
[ron and cobalt analyses were conducted spectrographically, and the sensi- 
tive a,a’-dipyridyl reaction (21) was also employed for the detection of 
iron. The usual qualitative tests for proteins, amino acids, phosphorus, 
and carbohydrate were carried out. 


EXPERIMENTAL 


Theoretical Considerations—The theoretical considerations of the pre- 
cipitation of proteins by ethanol-water mixtures have been amply reviewed 
by Cohn and Edsall (22). Cohn and associates (14, 15) have subjected 
these theories to actual practice in the fractionation of the plasma proteins. 

In studies on the purification of labile toxins and toxoids (8-13) methanol 
has been employed as the organic precipitating agent. It has been noted 
here that methanol leads to less irreversible changes in these labile pro- 
teins than does ethanol. Its relatively high dielectric constant and close 
chemical resemblance to water may determine its favorable properties. 
Since the volatile alcohol is removed from the proteins by freezing the 
mixture and then removing both the water and alcohol under reduced 
pressure, clinical objections to the use of methanol are eliminated. 

It has been observed that the charged condition of the proteins deter- 
mined by the pH of the mixture and the methanol concentration play 
the major réle in this separation of toxins and toxoids. The temperature, 
by necessity, is maintained near the freezing point of the mixtures to avoid 
denaturation. Protein concentration is adjusted to allow protective 
stabilization of the toxoid molecules by virtue of protein-protein inter- 
actions and of their dipole activities. Within the narrow limits employed 
here (0.001 to 0.2), the ionic strength of the mixtures did not exhibit a 
solvent action but in the higher limits actually had a salting-out effect. 


* The samples were oxidized in micro-Kjeldahl flasks with concentrated HNO, 
and a few drops of bromine water. Turbidity measurements were made on a Klett 
photoelectric colorimeter. 


ek cE he 


ee ee 








574 TOXINS AND TOXOIDS. III 


The desired protein may be separated as a precipitate or may be maip. 
tained in solution, depending on the solubility limits of the protein ang 
the impurities, the nature of the impurities, and the convenience of ey. 
perimental conditions. A balance of five independent variables allows q 
large number of experimental conditions. It is the custom here to maip. 
tain four variables constant, concomitant with the variation of one condi. 
tion. Thus, the solubility of the protein as a function of either pH, 
methanol concentration, protein concentration, or ionic strength can be 
determined as long as three of the conditions are kept constant. 

The conditions finally established for each separation were those whieh 
resulted in the highest yield and greatest purity of the toxoid principle 
accompanied by no deleterious changes in its structure or function, 


Results 
Initial Separation of Toxoid Principle from Culture Medium 


In a series of solubility studies, the conditions for the separation of the 
toxoid principle from culture medium products were determined. The 
general fractionation method follows. 

1 volume of toxoid is chilled to 1° and adjusted to the desired pH with 
ice-cold acetate buffer or, in some instances, with acetic acid. To this 
mixture, the calculated amount of methanol (measured at —5° and chilled 
to —20°) is added slowly with constant stirring, care being taken to main- 
tain the temperature at —5° or under. The mixture is maintained at 
—5° for 24 hours. At alcohol concentrations above 40 per cent, the tem- 
perature is maintained at — 10°, while at alcohol concentrations of 40 per 
cent or under, the temperature is kept near the freezing point or at —5° 
The precipitate is removed in a refrigerated centrifuge at the same ten- 
perature as that used during processing, and washed once with a methandl- 
buffer-water mixture of the same composition as that employed for pre- 
cipitation. The precipitate is then dissolved to one-tenth to one-twenti- 
eth the original parent toxoid volume with M/15 phosphate buffer of pil 
7.4. The solution is clarified by centrifugation at 4000 rR.p.m. for 2) 


£0 


1°, and then immediately assayed or stored at —25° until 


minutes at 
needed. 

The pertinent data on the behavior of the toxoid principle in mixtures 
consisting of culture media, methanol, and water under varying conditions 
of pH, ionic strength, and temperature are summarized in Tables I and 
Il and other salient points portrayed graphically in Figs. 1 and 2. Analysis 
of these results discloses the following information. 

Diphtherial toxoid is quantitatively precipitated between pH 4 and 5 
in 40 per cent methanol at ionic strength 0.09 and —5°. The highest 
























































TaBLe I 
Precipitation of Diphtherial Tozoid in 40 Per Cent Methanol of Varying pH, Ionic 
121n- Strength 0.09, Temperature —6&° 
and | ie ie | | | | Purificati 
eel pH N per ml. Liperml. | Kf* Lf permg.N| Yieldt | ‘aaa 
, ——— a pea ‘aaa an 7 
ws a me. | percent | 
1ain- 4.00 0.662 300 | 3 | #453 #$| 10 | 42 
mdi- 4.35 0.589 300 35 509. 100 | 48 
pl, 4.55 0.492 300 35 610 | 100 | 387 
n he 4.7! 0.454 300 35 661 100 =| «62 
4.80 0.385 299 25 777 100 | 73 
; 5.00 1.04 SS5 45 850 100 79 
hich 5.00 1.18 1020 30 865 100 «6| (SI 
ciple 5.15 0.332 292 25 879 9 | 82 
5.30 0.239 233 25 975 71 91 
5.40 0.239 206 25 862 644 CO 81 
5.45 0.234 200 30 855 61 80 
5.60 0.207 140 30 676 42 63 
5.85 0.130 58 40 446 18 $2 
the Parent toxoid 3.15 34 40 10.7 
TI 7 , ; rae & a ES ahi 
“ * Flocculation time, in minutes, determined at 35 Lf units. 
+ Yield , total Lf of precipitate under indicated conditions x 100 
. ield per cent = — — 
W ith I total Lf in crude toxoid 
this ae Lf per mg. N in material precipitated under indicated conditions 
illed t Purification = —-— — - —., 
Ie Lf per mg. N in crude toxoid 
jaln- a 
1 at Tasie II 
7 ry Precipitation of Diphtherial Toxoid under Varying Conditions of Methanol Concentra- 
oand tion, pH, Ionic Strength, and Temperature* 
per —_—_—— —— - ——__—_——_- ———— — ———_— 
ro Conditions . 
~9 N Lf +, | Lf per Puri- 
a SS - . Kf Per | Yield | ficat 
em- Meth- H Tonic Tempera- | P* ml. per mi. mg. N factor. 
anol P strength | ture | 
nol- - . — a a “ 
pre- per cent <.. me. | per cent | 
ati 0 | 4.05 | 0.15 0 | 0.272) 175 | 45 | 643 57 «| «60 
: 0 | 4.60 | 0.15 0 | 0.184] 58 55 | 315 | 19 | 2 
P 10 | 4.00 | 0.13 —3 | 0.496} 269 | 30 542 | 88 | 51 
2) 10 | 4.50 | 0.13 | -3 | 0.423] 219 | 30 | 518 71 (| 48 
nti] 10 | 5.10 | 0.13 —3 | 0.145 39 55 29 | «12 | B 
20 4.90 | 0.07 —5 0.190 148 90 779 91 | 73 
res 25 4.00 0.11 —5 0.631 254 30 | 402 83 38 
23 | 4.50 | 0.11 —5 | 0.498 280 30 562 9 | 52 
ms | gs | 5.10 | 0.11 —5 | 0.285! 254 | 30 | 891 73 «| 83 
and 3 5.60 | 011 | -5 | 0.7) 50 | 55 | 340 | 15 | 32 
ysis 60 | 5.40 | 0.11 | -10 | 0.219; 135 | 35 | 616 | 84 58 
60 5.50 0.05 —10 0.242 152 300 | 628 95 59 
id 5 a. Fo bas 
- Parent toxoid 3.15 34 oo | 7 
* See foot-notes to Table I. 
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concentration per mg. of precipitated nitrogen is obtained between pH 
4.9 and 5.3. Hydrogen ion concentrations greater than pH 5 lead to the 
increased precipitation of constituents other than toxoid. Hydrogen jon 
concentrations less than pH 5 result in an increased solubility of the toxoid 
principle. Increasing or decreasing the ionic strength under the aboye 
conditions does not appreciably affect the yield or purity. Elevation of 
the temperature to 0° in 40 per cent methanol generally results in de- 
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Fic. 1. Solubility of diphtherial toxoid in 40 per cent methanol at ionic strength 
0.09 and at a temperature of —5° as a function of pH 


1.4 Alcohol concentrations less than 40 per cent 
‘ohol concentra- 


n of the toxoi 


naturatl 
generally result in increased solubility of the toxoid. Al 
tions greater than 40 per cent precipitate inert culture medium products 
some of the precipitates 


formed by lower alcohol concentrations had a slow Kf, indicating either 


damage to the toxoid per se or, more likely, separation of toxoid molecules 
There 1s 


and bacterial proteins. It was also noticed that 


which have been altered during the process of detoxification. 
no evidence that hydrogen ion concentrations between 4 and 7 under the 


4Such toxoids show either an absence or marked retardation of flocculation. 
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present conditions impair the toxoid principle, since a uniform Kf, often 
shorter than that of the parent toxoid, is observed over a wide pH range. 
The porphyrins or porphyrin-protein complexes are precipitated with the 
toxoid under pH 5.6. 

The above information indicates that the separation of the toxoid 
principle from the crude toxoid occurs optimally at pH 4.9 to 5 in 40 per 
cent methanol at —5°. The charged condition of the toxoid has a greater 
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Fic. 2. Solubility of diphtherial toxoid in different mixtures varying in pH, 
ionic strength, and temperature. 


influence on its solubility than the ionic strength of the mixture. The 
separation of bacterial toxins and toxoids studied here differs in this 
respect from the separation of the plasma proteins in ethanol-water mix- 
tures, which depends largely on precise salt concentrations (15). 

Note should be taken that a single precipitation quantitatively sepa- 
rates toxoid containing nearly 900 Lf per mg. of nitrogen. Assuming that 
pure toxoid has 2200 Lf per mg. of nitrogen (2), this material is 40 per 
cent pure. This precipitate is hereafter referred to as Fraction PI. 
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Solubility of Toxoid Principle in Fraction PI 
Fraction PI was dissolved to one-tenth the parent toxoid volume in 
0.15 m sodium acetate. The behavior of this solution in methanol-water 
mixtures was observed over a wide range of pH, ionic strength, and tem- 
perature. The results of these studies are summarized in Table ITT. 


Tasie III 
Precipitation of Diphtherial Toxroid in Fraction PI* 


, Tonic , . . Lf per — Purifica- 

pH MeOH strenath N per ml Lf per ml Ki a Yield tion 
factor 

per ceni me per cent in 

1.0 5 0.075 0.088 15 150 170 10 16 
+.0 15 0.075 0.101 68 95 742 44 69 
1.0 30 0.05 0.150 155 95 1033 100 07 
15 10 0.075 0.151 121 65 S01 78 75 
t.5 20 0.075 0.169 155 40 917 100 S6 
5.0 10 0.075 0.131 126 55 961 81 % 
5.0 20 0.11 0.154 155 45 1007 100 4 
5.3 10 0.12 0.117 126 65 1076 81 101 
5.3 20 0.11 0.141 155 45 1099 100 103 
5.7 25 0.075 0.101 121 55 1208 78 113 
5.7 25 0.037 0.113 113 65 1000 73 93 
5.7 th) 0.20 0.104 142 58 1365 9] 128 
5.7 30 0.10 0.113 155 75 1371 100 128 
5.7 40 0.09 0.132 155 35 1174 100 110 
57 40 0.05 0.108 130 55 1204 S83 112 
5.7 40 0.025 0.091 }21 55 1330 78 124 
5.9 40 0.17 0.128 155 42 1203 100 112 
5.9 40 0.086 0.111 155 5S 1396 100 130 
6.5 40 0.17 0.075 100 55 1333 64 124 
6.5 40 0.09 0.058 68 55 1172 $4 110 
7.4 40 0.17 0.030 34 58 1133 22 106 


* See foot-notes to Table I. 


The toxoid principle in Fraction PI is quantitatively precipitated 
between pH 4 and 5.9 under appropriate conditions. It will be noted 
that initially 40 per cent methanol was necessary at any pH to precipitate 
the toxoid principle quantitatively and selectively. In Fraction PI, 
however, the toxoid is insoluble in 30 per cent methanol at pH 4.0, in 20 
per cent methanol between pH 4.5 and 5.3, in 30 per cent methanol from 
pH 5.4 to 5.7, and in 40 per cent methanol at pH 5.9. Apparently, the 
removal of culture medium substances (proteins and protein degradation 
products) which may interact with the toxoid reduces the amount of 
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methanol required to precipitate the toxoid principle. Indeed, highly 
purified toxoid is largely precipitated at pH 4.7 to 4.9 in the absence of 
methanol. Between pH 4 and 5.3, varying the ionic strength between 
0.05 and 0.20 did not greatly influence the solubility of either the toxoid 
or the impurities. However, it will be seen in Table III that an ionic 
strength of at least 0.09 is necessary for the quantitative recovery of 
toxoid accompanied by a high degree of purity at hydrogen ion concentra- 
tions less than 5.8. An effect similar to salting-out is observed here. 

In view of the above considerations, reprecipitation of Fraction I at 
either pH_ 5.7 in 30 per cent methanol or at pH 5.9 in 40 per cent methanol 
at ionic strength of 0.09 and a temperature of —5° is optimal for the 
quantitative recovery of the toxoid in the highest purity. These fractions 
have an Lf content of over 1300 per mg. of nitrogen. 

It is of special importance to note that at pH 4 low methanol concen- 
trations precipitate only about 10 per cent of the toxoid principle, while 
fully 50 per cent of the nitrogen is insoluble under these conditions. This 
observation is the basis for another step in the isolation of diphtherial 


toxoid. 


Isolation of Diphtherial Toxotd 


Several large lots of crude diphtherial toxoid have been processed. The 
method given below has been found reproducible and lends itself well to 
large scale production. 

In a preliminary note (13), two methods were given for the purification 
of diphtherial toxoid. The first step in these processes was identical and 
has been described above. However, in Method I, which has now been 
disearded, the porphyrins and the substantial quantity of bacterial proteins 
were removed by adsorption on asbestos in the presence of glycine. This 
procedure was lengthy and inconvenient, since it involved subsequent 
dialysis and multiple dryings from the frozen state. The method given 
below eliminates these objections and is employed routinely. However, 
work is in progress to improve even this procedure. 


Purification of Diphtherial Toxoid® 


In Step J pH 4.9, 40 per cent methanol, ionic strength 0.09, temperature 
—5° were employed. 1 volume of diphtherial toxoid previously chilled 
to 1° is adjusted to pH 4.9 + 0.05 with acetate buffer of pH 4 and ionic 


*Diphtherial toxin is irreversibly inactivated by the above procedures. The 
toxin is extremely sensitive to hydrogen ion concentrations greater than pH 6.0 
(1,2). However, the combination of formaldehyde with the toxin results in a toxoid 
protein which is stable under the above conditions. Work is in progress on the 
nature and mechanism of this stabilization. 
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strength 0.4. The mixture is chilled to —5° and the calculated amount 
of methanol (measured at —5° and chilled to —20°) is added with stirring 
to a final concentration of 40 per cent methanol. The temperature js 
maintained at —5°. After standing for 24 hours, the precipitate is eo. 
lected at —5°, dissolved to one-tenth of the original parent toxoid volume 
with 0.15 m sodium acetate at 0°, and labeled Fraction PI. 

In Step II pH 5.8, 40 per cent methanol, ionic strength 0.09, temperature 
—5° were employed. Fraction PI is adjusted to pH 5.8 + 0.05 with acetic 
acid and chilled to —5°. Methanol (measured at —5° and chilled to 
—20°) is added to Fraction PI to a final concentration of 40 per cent, 
The temperature is maintained at —5°. The mixture is allowed to stand 
for 24 hours, after which the precipitate is collected at —5°, dissolved to 
one-fortieth the original parent toxoid volume with 0.15 mM sodium acetate 
at —3°, and labeled Fraction PII. 

In Step III the conditions were pH 4.0, 5 per cent methanol, ionie 
strength 0.05, temperature —3°. Fraction PII is rapidly adjusted with 
stirring to pH 3.95 to 4.0 with acetic acid at —2°. 2 volumes of 7.5 per 
cent. methanol (—3°) are then added and the mixture is stirred for 2 hours 
at —2°. The precipitate is then collected at —2° and discarded. The 
supernatant is stored at —2° and labeled Fraction SITI. 

In Step IV pH 4.4, 30 per cent methanol, ionic strength 0.06, tempera- 
ture —5° were employed. Fraction SIII is carefully adjusted to pH 44 
with NaOH at —3°.6 The mixture is chilled to —5° and sufficient meth- 
anol previously chilled to —20° is added te bring the final concentration 
to 30 per cent. The temperature is maintained at —5° or lower. The 
mixture is allowed to stand at —5° for 48 hours. The precipitate is 
collected at —5° and dissolved up to one-twentieth of the original parent 


toxoid volume with 0.15 m sodium acetate at —2° and labeled Fraction 


PIV. 

In Step V the conditions were pH 5.4, 25 per cent methanol, ionic 
strength 0.06, temperature —5°. Fraction PIV is adjusted to pH 5.4 with 
sodium acetate and NaOH so that the final ionic strength after the addi- 
tion of the methanol will be 0.06. The mixture is then chilled to —5° and 
sufficient methanol is added to bring the final concentration to 25 per cent. 
The temperature is maintained at —5° or lower. After standing for 48 
hours, the precipitate is collected at. —5° and dissolved up to one-fortieth 
of the original parent toxoid volume at 0° with either sodium acetate, 
phosphate buffers, or glycine, depending on its intended use. This ma- 
terial is then dried from the frozen state to less than 1 per cent moisture. 
The dried toxoid may be stored indefinitely or may be redissolved for 


* pH determined on an aliquot of Fraction SIII diluted 1:2 with water. 
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assay or analysis. If the material is to be sterilized by filtration, it must 
be dried in the presence of certain dipolar ions, preferably glycine (10). 

The above procedure has generally resulted in a toxoid free of bacterial 
proteins and porphyrin. However, if adequate pu ification is not achieved, 
one or more of the above steps may be repeated. The yield of purified 
toxoid has been about 55 to 80 per cent in the fractionations carried out 
here. The purification and vield achieved at each step are given in Table 
IV. 

The first two steps in this procedure substantially separate the toxoid 
principle from culture medium and bacterial products. Nevertheless, 
fully 30 per cent of Fraction PII is composed of bacterial protein and 


Taste IV 
Degree of Purification and Yield of Diphtherial Toxoid during Fractionation 














Fraction na | Kf (at 50 Lf units) sonmn teen 
_ | per cent 
PI 900 35-55 | 90-100 
PII 1300 25~40 90-100 
SII 1800 | 25-40 | 65- 85 
PIV 2000 10-20 | 60- 85 
PV 2100-2200 10-20 | 55- 80 
| | 
Parent toxoid 10- 15 40-65 





porphyrin complexes. These substances were removed formerly by ad- 
sorption on asbestos fibers in the presence of dipolar ions. A compre- 
hensive study of the solubility behavior of this fraction revealed that at 
pH 4 and at 5 per cent methanol, inert proteins were insoluble, while 
most of the toxoid principle remained in solution. The toxoid principle 
may then be further purified as indicated under Steps IV and V, re- 
sulting in a final product containing over 2100 Lf per mg. of nitrogen. 

It was noted that removal of the bacterial proteins, etc., at pH 4 also 
resulted in the precipitation of some toxoid. This material produced poor 
flocculation of antitoxin and had a Kf of over 6 hours. This may indicate 
that the toxoid molecules insoluble at pH 4 are chemically or structurally 
distinct from the toxoid soluble under these conditions. Detoxification 
of toxin by formalin may lead to a partial alteration in certain toxoid 
molecules, or the crude toxin per se may have contained incomplete or 
degraded molecules. If this hypothesis is substantiated, the removal of 
low grade toxoid at this step is desirable and should not be considered a 
true loss. In a subsequent publication it will be shown further that 
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purified toxoid elicits a greater antibody response than does a comparable 
dose of crude toxoid.? It is also well known that crude toxoid may ¢op. 
tain substances which interfere with immune response. This interference 
may resemble the phenomena of analogue competition encountered jp 


other fields. 
Characterization of Purified Diphtherial Toxoid Fraction PV 


General Properties—Fraction PV is pale yellow in a | per cent solution 
in distilled water. Its chemical composition is summarized in Table V. 














TaBLe V 
Chemical Composition of Purified Diphtherial Toxroid 
Constituents Fraction PV 
Nitrogen, % 16.6 
Tyrosine ; Low 
Arginine (guanidine) +++ 
Tryptophan - 
Carbohydrate _ 
Phosphorus - 
Sulfur — 
Iron = 
Cobalt - 
TABLE VI 
Properties of Purified Diphtherial Toroid 

Mobility in veronal buffer, pH 8.6, 0.1 ionic strength 8.1 x 10° 
Sedimentation constant, 8368, w 1.6 
Optical rotation, la]p, degrees —45 
Isoelectric point ‘.7+0.1 
Lf per mg. N 2190 
Kfgo, min. 12 


Solubility, 1.8 m (NH,).SO,, pH 7.4 Constant 


While purified diphtherial toxoid gives the usual protein reactions, it is 
entirely lacking in phosphorus, sulfur, carbohydrate, iron, cobalt, or 
porphyrin. 

Physicochemical Properties—Table VI summarizes the physicochemical 
character of Fraction PV. The toxoid is electrophoretically homogeneous 


7 Kekwick and Record (23) have shown that the immunization of horses with crude 
diphtherial toxoid gives rise to two antitoxins. The y fraction flocculates rapidly 
with toxin, while the $8, fraction flocculates slowly. Whether this phenomenon is 
related to the presence of two chemically different toxoids, as noticed here, still 
remains obscure. Work is in progress to clarify this possible relationship. 
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(Fig. 3) with a mobility of 8.1 X 10~-* in veronal buffer of 0.1 ionic strength 
at pH 8.6. The molecules sediment with the same velocity, calculated to 
be 4.6 Svedberg units, in the ultracentrifuge. Inspection of Fig. 4 reveals 
that Fraction PV has constant solubility in 1.8 m ammonium sulfate at 























dt 4 a 
bbe “ae 
Fic. 3. Electrophoretic diagrams for diphtherial toxoid, Fraction PV 
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Fic. 4. Solubility curve of diphtherial toxoid, Fraction PV 
Tasie VII 


Solubility of Fraction PV in Distilled Water As Function of pH 














pH* Lf pptd. Protein N pptd. 
per cent per cent 

3.65 0 

4.35 30 

& 90 90 

4.9 SO 80 

5.1 50 50 





* Determined on supernatants after equilibration with the precipitates for 18 


hours at 1°. 


pH 7.4 and acts as a solid phase of one component. The optical rotation 
of —45° compares favorably with that reported for purified toxin (1, 2). 
The isoelectric point was estimated from the minimum solubility of both 
the total nitrogen and the combining activity of Fraction PV. The 
purified toxoid was adjusted to different hydrogen ion concentrations with 
acetic acid at 0.2 pH intervals in distilled water at constant volume and 


temperature. The results of this experiment are given in Table VII. It 
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will be noted that, judged by both nitrogen and combining capacity, the 
purified toxoid has a minimum solubility at pH 4.7 + 0.1. 

While no claim of absolute purity is made, Fraction PV satisfies the 
existing criteria of a pure protein. 

Immunologic Evaluation—Subsequent papers will deal with the immuno- 
logical aspects of purified diphtherial toxoid. It will suffice here to state 
that the purified samples flocculate sharply and rapidly with antitoxin 
and are highly antigenic. Fraction PV is not precipitated by an anti- 
Corynebacterium diphtheriae rabbit serum. The addition of dipolar ions 
such as glycine allows satisfactory sterile filtration and greatly enhances 
the stability of the purified toxoids. 


SUMMARY 


Methods for the separation of diphtherial toxoid in highly purified state 
with satisfactory yields are described. The methods consist of a multi- 
phase fractionation system involving methanol as the precipitating agent 
under controlled conditions of pH, ionic strength, protein concentration, 
and temperature. 

Diphtherial toxoid has been separated as a homogeneous, water-soluble, 
simple protein with an electrophoretic mobility of 8.1 X 10~-° in veronal 
buffer of 0.1 ionie strength at pH 8.6 and with a sedimentation constant 
of 4.6 Svedberg units. The preparation has constant solubility and 
satisfies the existing criteria for a pure protein. The purified toxoid 
contains no sulfur, phosphorus, carbohydrate, iron, cobalt, or porphyrin. 

The purified diphtherial toxoid does not precipitate anti-Corynebac- 
teritum diphtheriae rabbit serum. The final product contains between 
2000 and 2200 Lf per mg. of nitrogen. It produces sharp flocculation of 
antitoxin, with a marked decrease in the flocculation time compared 


with crude toxoid. 
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THE RELATION OF THE DIET TO THE COMPOSITION 
OF TISSUE PHOSPHOLIPIDES 


VII. EFFECTS OF LACTOSE-CONTAINING DIETS*. 
By CAMILLO ARTOM anp WILLIAM H, FISHMANT 


(From the Department of Biochemistry, Bowman Gray School of Medicine, 
Wake Forest College, Winston-Salem, North Carolina) 


(Received for publication, July 10, 1947) 


In the previous papers of this series (2, 3) the carbohydrate component 
(dextrin-sucrose 1:1) of the experimental diets was maintained constant, 
while the effect on liver lipides of various nutrients was being studied. 
Later, it seemed logical to study the effects of altering the nature of the 
dietary carbohydrate. 

Preliminary results obtained in experiments in which lactose was the 
sole carbohydrate in the diets were reported in 1944 (4). In eontrast to 
the controls on the low fat, sucrose-dextrin diet, which showed a marked fat 
infiltration of the liver, only moderate amounts of fats were found in the 
livers of the rats on the lactose-containing diets. The lecithin levels were 
also frequently not as low as in the controls. Moreover, the effectiveness 
of choline supplementation in reducing the fat infiltration and in raising 
the lecithin level in the liver appeared greater in the animals on the lactose 
diets. However, these rats exhibited profuse diarrhea, anorexia, marked 
loss in weight, and, although no deaths occurred during the experimental 
period, they looked definitely ill. Similar findings with high lactose diets 
have since been described by others (5-8). 

It was found that by replacing only sucrose with lactose in the diet, the 
animals remained in good health. By this modification, the interpretation 
of the data was made somewhat simpler since the lipides were under the 
influence of one less variable (absence of dextrin). In the course of the 
study, the question arose whether or not lactose had lipotropic properties 
in animals in which the fatty liver was produced by a high fat rather than 
by a high carbohydrate ration. 

In the present paper, data are presented concerning the effects on 
liver lipides of lactose-containing diets of variable fat content. The 
possible mechanisms by which the substitution of lactose for sucrose of the 
diet produces its effects are pointed out and discussed. 


* Aided by a grant from the John and Mary R. Markle Foundation. A preliminary 
report has appeared (1). 
t Present address, Department of Surgery of the University of Chicago, Chicago. 
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EXPERIMENTAL 


Each experimental group consisted of three or four male albino rats 
raised on our stock diet to 100 to 110 gm. of body weight. The compo. 
sition of the experimental diets is recorded in Table I. The conditions of 
the various experiments duplicated those of the experiments reported in 
our previous papers (2,3). That is (a) the animals were transferred from 
the stock diet directly to the sucrose- or lactose-containing diets and main- 


TABLE | 


Composition of Experimental Diets* 


The values are in per cent of dry weight. 


— — a — — —— 








Diet No. Sucrose Lactoset Dextrin Glucose Maltose Galactose Crisco 
4 37 37 5 
8 37 37 5 
ll 27 27 25 
10 27 27 25 
17 54 25 

9 54 25 
18 4 25 
13 54 25 
14 54 25 
16 54 25 





* In addition to the above components, all experimental diets contained casein 
(Labco, vitamin-free) 10 per cent, cod liver oil 5 per cent, a salt mixture (Osborne 
and Mendel (9)) 4 per cent, and a cellulosic material (Ruffex) 2 per cent. Pure B 
vitamins in the amounts previously indicated (3) and, in the experiments with choline 
supplementation, also choline hydrochloride (50 mg. per rat) were incorporated in 


the daily rations. 
t The lactose used in the preparation of Diets 8, 10, and 9 was U.S. P. lactose 


(Merck). Diets 9a and 96 were identical to Diet 9 except that in Diet 9a this material 
has been submitted to four recrystallizations (two from water and two from 50 per 
cent ethyl alcohol) and in Diet 9), lactose c.p. (Baker) was employed. 


tained on these diets for 12 days (‘‘12 day experiments’’); or (6) the rats 
were first transferred for 7 days to one of the sucrose-dextrin diets, then 
maintained for 12 more days on either the same diet or the lactose-sub- 
stituted diet (“7 + 12 day experiments”’); or (c) and (d) the conditions of 
the experiments were similar to those described under (a) and (b) respec- 
tively, except that during the (last) 12 days choline hydrochloride (50 mg. 
per rat per day) was added to the diets (Tables II and III). In addition, 
some preliminary experiments are included in which various carbohydrates 
were substituted for both the sucrose and dextrin in high fat diets (Table 
IV). Procedures and analytical methods have been described (2). 
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Tasie II 
Effects on Liver Lipides of Substituting Lactose for Sucrose in Experimental Diets 
Lipide values in mg. per 1 gm. of moist lipide-free tissue. 
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Phospholipides | 3 
E | j 3 
2 Choline- > 
3 6 | containing) @ | 3 L 
i-| Noot | |3]a] , | change) 3] qos | e@iaie|3% 
= eas £\/%| 3 |Tder| 2 “lipides 2/8) 3 : 
s\3| 5 4 gsi 2i/eai¢s 
é aol = 2 ‘S bey! s a ‘s 
28/8) > 2 igs1 2) 2] & 
Zisis| & 2 3 isa ¢ | 8 | & 
= fa | Be f= — - a Z Zz | ® 
No choline added to diets 
— ] | gm. | gm. gm. | me. | me. | mg. meg. me. mE. 
1 | 4 (2) | 4 | 10) 0} 12.4) +12.1) 6.20} 107.7} 22.8) 12.7} 56] 10.1) 73.0) 4.6 
2}4(2) | 8/10) 37) 9.2) 42.1) 4.57) 69.2) 23.1) 12.3) 54] 10.8) 32.7] 10.1 
3-4*| 6 (4) | 4} 10} O| 12.4) +19.3) 5.74] 141.8} 22.7) 11.7] 52} 11.2/100.6] 8.4 
5%} 4 (2) | 8 | 10) 37) 9.4) +14.7 5.04) 71.0) 21.4] 11.8} 55) 9.6) 38.4) 9.2 
6 | 4 (2) | 11 | 30] 0} 8.2) +27.2) 6.82) 193.4] 20.6] 11.5] 56] 9.1/148.0} 10.0 
7/4 (2) | 10 | 30) 27) 7.3) —2.4) 5.15] 89.0) 24.8) 14.6] 59] 10.2) 52.5) 6.4 
st} 4 (2) | 11 | 30} 0 6.3) —0.8) 6.70) 320.4) 17.4] 11.1] 64] 6.3)259.6] 17.8 
9t| 4 (2) | 10 | 30 27/ 5.3) +1.9| 5.56) 170.2) 26.6) 13.4] 50] 13.2/121.3) 10.2 
10t/ 4 (2) | 11t] 30} 0] 5.6) +2.9) 6.10) 278.3) 23.9) 11.7] 49] 12.2/224.0) 8.0 
11-124] 8 (4) | 10t] 30) 27) 5.6) —4.0) 5.67| 173.8) 23.3) 12.4] 53 10.9/123.9 14.2 
Choline added to diets 
13| 5 (2) | 4/10| Oo 11.7) +26.6| 5.79] 65.5| 23.6] 16.4 70 7.21 30.6| 8.2 
14-15 | 6 (4) | 8 | 10) 37| 12.4] 417.7] 4.79] 40.5] 28.7] 18.4) 64] 10.3] 7.4] 3.7 
16-18*/14 (8) | 4/10) 0) 10.2) +24.6| 5.35] 51.0) 23.2) 13.2. 57| 10.0] 20.6) 4.1 
19-20%) 7 (4) | 8 | 10, 37) 10.0) +24.0) 5.80] 38.3) 20.5) 14.6) 72) 5.9] 11.1) 5.1 
21*| 4 (2) | St] 10) 37) 7.4] +7.0| 5.27; 33.8) 19.7] 13.4) 68} 6.3] 8.8] 4.4 
22/4 (2) | 11 | 30] 0! 10.0) 440.0] 5.52) 63.8, 23.2| 17.31 75 5.9] 29.7] 7.9 
93 | 4 (2) | 10 | 30 27] 6.2| —3.3) 5.50| 44.6) 26.0) 21.9 84) 4.1) 9.7] 7.9 
24t] 4 (2) | 11 | 30, 0} 7.4) 412.6 5.61) 72.5, 21.1) 17.9 85) 3.2) 41.3] 6.0 
25-26+| 7 (4 | 10 | 30) 27) 5.6) —0.5] 5.38! 79.3, 26.8) 24.0) 90) 2.8 40.9] 7.5 
27t| 4 (2) | 11t} 30) O} 6.2) +14.0] 5.94) 141.0) 25.4) 20.8) 82) 4.6) 98.5) 7.2 
28-294] 8 (4) | 10t) 30) 27 1.3] —5.8| 5.161 72.8| 23.6! 20.0! 85) 3.6| 37.5, 7.9 





* Prior to the experiments, 
Diet 4. 
+ Prior to the experiments, 


Diet 11 





rats of these groups were maintained for 


rats of these groups were maintained for 


7 days on 


7 days on 


t2 per cent sulfasuxidine was added to the diets, and p-aminobenzoic acid was 


omitted from the vitamin mixture. 
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Results 


The rats on lactose-dextrin diets appeared to be in a good state of ny. 
trition and did not exhibit marked abnormal symptoms. Occasionally 
some of them had a mild diarrhea and at autopsy a certain degree of 
distention of the gastrointestinal tract was noted. Usually these rats ate 
less food and grew less well than the rats on sucrose-dextrin diets but the 
differences were not constant and often not very marked, as shown jp 
Table II. However, their livers were smaller. In Table II the complete 

TABLE III 
Comparison of Changes in Liver Lipids Induced by Dietary Lactose and Choline 


The figures express the increase (+) or decrease (—) from the values obtained jn 
the corresponding experiments on rats on sucrose-dextrin diets (Table II). 


—— — 











Duration of experiment 


12 days 7 + 12 days 
Liver lipide fraction High fat 
Low fat High fat Low fat High fat (Diet 10er 
Nutrient tested (Diet 4 or Diet 10 or Diet 4 or Diet 10 or 11) with 
&) 11 8 11) sulfa- 
suxidine 








Lecithins 








ms mg ms me me. 

Choline phospho- | Lactose —0.4 3.1 0.1 +2.3 +0.7 

lipides in 1 gm. Choline +3.7 +5.8 +1.5 +6.8 +9.1 

moist lipide-free | Lactose + +5.7 +10.5 2.9 +12.9 +8.3 
tissue choline 





Neutral fats 











Non-phospholipide Lactose —40.3 —95.5 62.2 -138.3 | —100.1 
fatty acidsinl gm. Choline —42.4 —118.3 80.0 218.3  —125.5 
moist lipide-free Lactose + —65.6 — 138.3 89.5 —218.7 | —186.5 
tissue choline 





data have been arranged so that the results of the control experiments on 
rats on the sucrose-dextrin diets may be compared directly with the values 
of the lactose-dextrin experiments recorded in the next line. The im- 
portant differences observed have been summarized in Table III for the 
sake of convenience. 

In the experiments without choline supplementation, the most striking 
effect of lactose substitution is a decrease in the values for the total lipides 
and especially for the non-phospholipide fatty acids. The decrease is 
apparent with both low and high fat diets in experiments of 12 and 19 days 
duration. 
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When choline was added to the diets, the lipotropic action of this sub- 
stance was always marked. However, at least in most experiments, the 
livers of the animals on the choline-supplemented, lactose-substituted 
diets contained definitely lower amounts of total lipides and neutral fats. 
The regular occurrence of the lipetropic effects of lactose in many experi- 
ments of varying construction should be noted, in view of the frequent 
finding of large individual variations in liver fat which have been encoun- 
tered in investigations of lipotropic factors. 


Tasie IV 

Effects on Liver Lipids of Substituting Various Carbohydrates for Sucrose and Deztrin 
in Experimental Dieis 

All diets contained 30 per cent fat and the rats were transferred from the stock 

diet to the experimental diets (immediate substitution). Lipide values in mg. per 

1 gm. of moist lipide-free tissue. 

















* Phospholipides 

- : & Choline-con-| “ fe 

oe —) a | taining = | 2 

- 5 2 oninkatanagl (oe 

§ © rE ” ars ts 

: = Type of carbohydrate ~ > ts c | § a - 
Ms EB in diet | ' = ga@21%°/13.|2 
~~ =| = 4 s o= | 28/43/33 
Fi = , -) & 2 = “3 )\3 | 23 | s 
fis iz 4 ee gs| | a2| 8 
Bi >s/k = = ¢ $i|3 ~S\¢el|ea| 3% 
+) ° = Ss = &e ° ° o= S o=- | 6s 
rs} Z Qa = O a _ = vi Zire 18 
gm. gm gm. | mg. | mg. | me. mg. | mg. | me. 
64 (2) 11 Sucrose-dextrin 8.2 +27.2) 6.82)193.4/20.6/11.5) 56 9.1 148.0/10.0 
303 (2) 17 Sucrose 5.7 +0.7) 7.17)172.5/22.6)12.1) 54 |10. 5128.8) 8.2 
314 (2) 13 Glucose 8.5 +11.4 6.05175.3)20.8)11.8 56.8) 9.0/134.3 6.8 
32'4 (2) (14 |Maltose 9.5 419.5 5.75 195. 1/24.5)15.2 62 | 9.3146.2) 9.8 
33/3 (2) 18 Dextrin 7.6) +9.3) 7.96, 88. 1/25. 1/15.6) 62 9.5) 52.4) 5.4 
344 (2) 9 Lactose, U.S. P.5.8 —7.0) 5.00/102.5/24.4/11.3) 46 |13.1) 63.1) 8.7 
35'4 (2) | 9a\Lactose, U.S. P., 5.2) —3.0) 5.24/135.7/23.1/14.4) 62 8.7 92.0)11.4 

recrystallized 

36'4 (2) | 9b\Lactose, c.P. 4.8 —4.8 4.86 84.4/23.0/14.1 62 8.9) 50.5 5.8 
37-388 (4) 16 ‘Galactose 6.9|—20.7| 7.46) 89.3/27.2)17.5) 64 9.7; 50.3) 6.7 





In agreement with our previous observations (3), choline supplemen- 
tation raises the liver lecithin level in the animals on low fat sucrose-dextrin 
diets if it is initiated immediately (12 day experiments), whereas only 
minimal changes are detectable when the supplementation is preceded by a 
7 day period on the unsupplemented diet (7 + 12 day experiments). On 
the other hand, choline supplementation (both immediate and delayed) 
causes a marked increase in the level of liver lecithin in the high fat-sucrose- 
dextrin groups. 

Substantially identical effects were observed with choline-supplemented, 
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lactose-containing diets, but, usually, the increase in liver lecithins wag 
more considerable than in the corresponding experiments with sucrose. 
containing diets. The inclusion of sulfasuxidine in the diets did not alter 
the above findings. 

From Table IV, in which various carbohydrates were substituted for 
both the sucrose and the dextrin in the high fat diets, these findings may be 
stated. The sucrose-, glucose-, and maltose-containing diets produced 
the same degree of liver fat infiltration as in the rats fed sucrose-dextrin 
diets. Lecithin values were low with the glucose- and sucrose-containing 
diets but rather elevated in the rats fed the maltose-containing diet. A 
relatively high lecithin level and only moderate amounts of fats were 
found in Experiment 33, in which dextrin represented the sole carbohydrate 
component of the diet. The results obtained in the three experiments 
with diets containing 54 per cent lactose were essentially the same, although 
lactose with various degrees of purity was used for each experiment. The 
results of these experiments almost duplicate those of Experiment 7 made 
under similar conditions except that a lactose-dextrin diet was employed. 
In the experiments with galactose-containing diets, the fatty infiltration 
was in the same range as in the rats on lactose-containing diets, but higher 
values were obtained from the lecithins in the liver. It should be pointed 
out that the number of animals studied (Table IV) was small and the data 
should be regarded as suggestive. 

From a consideration of all the results, there appears to be a similarity 
in the effects of lactose substitution and of choline supplementation. 

DISCUSSION 

The evidence obtained in the present experiments, in which only part of 
the carbohydrate in the diet was represented by lactose, confirms and ex- 
tends our preliminary findings on rats fed diets with a higher lactose 
content (1, 4). In both studies, the effects of lactose substitution re- 
sembled the action of choline by reducing liver fat and by elevating liver 
lecithin concentration. Low values for total fatty acids in the livers of 
rats on high lactose and high galactose diets (7) have also been observed 
more recently by others; in young animals this finding was accompanied 
by the absence of hemorrhagic lesions in the kidneys (8). It appears 
therefore that the partial or total substitution of lactose for the carbo- 
hydrate component in low protein diets causes a definite alleviation of the 
symptoms considered characteristic of choline deficiency. 

The elucidation of the mechanisms by which the substitution of lactose 
for other carbohydrates in the diet produces its effects presents some 
difficulty. Obviously, an attenuation of the symptoms of choline de- 
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ficiency may result from either an increased availability of or a decreased 
demand for choline for lipotropic purposes. 

It is possible that choline or its precursors may have been present as an 
impurity in the dietary lactose. However, this view is not favored by the 
results of the experiments in which lactose of different degrees of purifi- 
eation was employed in the preparation of the diet. Indeed, the highest 
content of liver fat was observed in the experiment in which the material 
was most carefully purified. 

Choline may have been manufactured in excessive amounts either by 
the intestinal flora or by the animal tissues. Thus, considerable changes 
occur in the intestinal flora of animals on lactose-containing diets and it 
has been shown that these changes may lead to an increased formation of 
certain essential dietary factors (10). It is conceivable that the substi- 
tution of lactose for sucrose could enhance the synthesis of choline by 
microorganisms in the intestine (perhaps also, the synthesis of some 
unknown factor which might be involved in the formation of choline or in 
its utilization for the formation of liver phospholipides). The experiments 
in which sulfasuxidine was added to the diet were devised in order to test 
this hypothesis, but the results of these experiments are far from con- 
clusive. Likewise, we do not have evidence for or against the idea that in 
the rats on lactose-containing diets more choline in animal tissues is formed 
by synthesis, or less of it is utilized for non-lipotropic purposes. 

A decreased demand for choline could perhaps best explain the close 
relationship between the growth of the animals on low choline diets and 
the degree of fat infiltration in the liver, which has been recently empha- 
sized (7, 11). Generally speaking, such a relationship may be found also 
in our experiments, since most rats on lactose-containing diets grew less 
than the controls on the sucrose-dextrin diets. It should be noted, how- 
ever, that in several instances differences in the rate of growth between 
rats on the two types of diets and under the same experimental conditions 
were not apparent or were only very slight, whereas, even in these instances, 
the amounts of fat in the liver of the animals on the lactose-containing 
diets were consistently lower (see, for example, Experiments 3-4 and 5, 
8 and 9, 16-18, and 19-20). 

If the substitution of lactose in the diets does not make larger amounts 
of choline available for lipotropic purposes, the decrease in the fatty 
infiltration may be due to a diminished supply of fatty acids to the liver. 
An impaired absorption or utilization of carbohydrates, with a consequent 
decrease in the extent of their conversion to fats, seemed a very likely 
explanation for the results of our preliminary experiments in which low fat 
diets with a very high lactose content were employed. However, the 
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differences in the degree of fat infiltration caused by the lactose substitution 
are still quite marked in the experiments in which diets with high fat 
content were employed; that is, in a condition in which the formation of 
fats from carbohydrates is certainiy not the main source for the fats 
accumulating in the liver. Of course, in these experiments the existence 
of differences in the amounts of fats ingested or absorbed should still be 
considered. 

In conclusion, it is apparent that none of the available evidence js 
sufficient for accepting or rejecting any of the interpretations which we 
have discussed. 

As for the few experiments in which high fat diets containing various 
carbohydrates were employed, our findings suggest that the effects of 
lactose substitution are not entirely specific for this carbohydrate, since 
results more or less similar to those obtained in the experiments with the 
lactose-substituted diet have also been observed with diets containing 
other carbohydrates.! On the basis of the results of the experiments with 
galactose-containing diets, it seems not unlikely that the effects of the 
substitution of lactose may be chiefly ascribed to the galactose moiety of 
its molecule. 


SUMMARY 


The lipide composition of the liver of rats maintained on low protein 
diets, in which the carbohydrate component consisted of equal parts of 
dextrin and sucrose, has been compared with that of the liver of rats fed 
similar diets except that lactose was substituted for sucrose. 

Smaller amounts of neutral fat were found in the livers from animals on 
lactose-containing diets than those of the rats on the unsubstituted diets. 
The effectiveness of choline supplementation in reducing the fat infiltration 
and in raising, under certain experimental conditions, the lecithin level in 
the liver appears greater in animals maintained on the lactose-containing 
diets. 
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The importance of citric acid in carbohydrate metabolism has become 
increasingly apparent in recent years (1). However, the significance of 
citric levels in human blood in health and disease has been handicapped by 
the lack of suitable method for this determination in small quantities of 
blood. Krog (2) reports a method for the determination of citric acid in 
3 ml. of blood by converting it to acetone, distilling the acetone, and 
allowing the distillate to react with salicylaldehyde. The procedure is too 
elaborate for routine determination. 

Examination of the literature indicates that two methods have been 
generally used in experimental work by which amounts of the order of 
100 y could be determined with any degree of accuracy. Determination 
of this amount would correspond to the amount in 7 to 10 ml. of whole 
blood. Obviously if duplicates and recoveries were run, the amount taken 
for one determination would be in excess of 20 ml. of blood and would 
therefore be impractical for routine studies.! 

The two procedures referred to are the Thunberg method (5-11) and the 
pentabromoacetone method as developed by several imvestigators (3, 
12-19). Thunberg’s method is an enzymatic determination, which is 
subject to many interfering substances, requires elaborate technique, and 
is time-consuming, making it unsuitable for clinical determinations on 
large numbers of bloods. Two variations of the second procedure have 
been reported, both of which make use of the observation of Cahours (20) 
that citric acid vields pentabromoacetone on bromination. The penta- 
bromoacetone is then determined either by its colorimetric reaction with a 
solution of sodium sulfide (17) or by determination of bromine after the 
decomposition of the pentabromoacetone with sodium sulfide (16, 18, 19, 
21). Pucher’s colorimetric variation (17) was chosen as lending itself to 
refinement to micro quantities. 

In the colorimetric method described by Pucher the pentabromoacetone 
is extracted with petroleum ether, the petroleum ether is removed in a 

1 Since this paper was written a method for the determination of citric acid, after 
the method of Kometiani (3) for amounts from 10 to 60 7 has been published (4). 
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separatory funnel, washed, transferred to a second separatory funnel, and 
the color is developed by adding sodium sulfide solution. The color, now 
in the sodium sulfide solution, is separated, the petroleum ether is washed, 
and the washings combined. Pyridine is added to stabilize the color and 
the solution is made up to 10 ml. and the color read in a Pulfrich spectro. 
photometer with a No. 430 may filter. In this volume the color is not 
intense enough to be used for microanalysis. 

A study was first made of the absorption spectrum of this color. As 
can be seen from Fig. i, the maximum absorption is at 450 my and not at 
430 my as recommended by Pucher or at 470 my as recommended by 





x—«x Coleman 3S mu band 


o—~. seckmer 056 to 238 7m band 











50 4 
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270 55? 450 
MAVELENGTH, 7 mu 
Fic. 1. Absorption spectrum on Beckman and Coleman spectrophotometers of 
color produced by the action of 4 per cent sodium sulfide solution on pentabromo- 
acetone. 


Josephson and Forssberg (22) or at 420 my as recommended by Hunter and 
Leloir (23). None of these investigators reported the absorption curve. 
Approximately 10 per cent increase in sensitivity can be obtained by using 
this wave-length. It is to be noted that the extinction coefficient is only 
E {%2,. = 92. This indicates that for micro application the color would 
have to be developed in small volumes to work down to a method suitable 
for 1 ml. of blood. 

Pucher and other investigators in this field read the color against water 
as a standard. In actual practice we find that the sodium sulfide solution 
itself when read against water never shows 100 per cent transmission but 
varies from 89 to 99 per cent. It is apparent that this would cause the 
results to vary widely with dilute solutions. In this investigation the 
colors are read against the actual sodium sulfide solution used. The 
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sodium sulfide solutions are checked beforehand and any solution reading 
less than 95 per cent transmission against water is rejected. 

The addition of pyridine as recommended by Pucher to stabilize the 
color is found to be unnecessary. Josephson and Forssberg (22) note that 
results by the Pucher method do not strictly follow Beer’s law and vasy 
with the sample of pyridine. They therefore substitute redistilled glycerol 
to stabilize the color. Hunter and Leloir recommend the addition of 
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Fic. 2. Effect of temperature on the percentage color loss (time constant, 35 


minutes). 
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Fic. 3. Effect of time on percentage color loss at constant temperature (10° and 
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ethylene glycol. Our observations indicate that pyridine does not stabilize 
the color. At constant sodium sulfide concentration the stability of the 
color seems to depend upon the temperature of the day. On cool days 
the color is stable for at least 30 minutes whether pyridine is added or not. 
It is not necessary therefore to add anything but to keep the temperature 
low. This gives the additional advantage that the color may be developed 
in smaller volumes. Fig. 2 shows the effect of temperature on the stability 


of the color. 
Fig. 3 shows the effect of time on the loss in intensity of color. The 
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time is plotted against the percentage loss at constant temperature. It jg 
apparent that the color should be read within 25 minutes after color 
development at 18° or between 15 and 60 minutes if developed at 10°. It 
will be noted that at low temperatures the color does not fully develop 
until about 15 minutes have elapsed. In view of these observations the 
sodium sulfide solution is kept in the refrigerator before use. The pe. 
troleum ether containing the pentabromoacetone is cooled to refrigerator 
temperature before the sodium sulfide is added. Subsequent operations 
are designed to keep the temperature below 15°. 

By reading the colors at 450 mu as compared to 650 mu (where the 
absorption should be nil; see Fig. 1) it became apparent that an opalescence 
was present which caused errors as high as 100 per cent in dilute solutions, 
While this opalescence was apparent, once we knew of its existence, it 
could be easily overlooked. This opalescence can be eliminated by centri- 
fuging at 2000 x.p.m. It is probably caused by emulsification of the pe- 
troleum ether with the sodium sulfide solution. 

Several investigators have noted that the grade of petroleum ether is 
important. This difficulty is eliminated by purifying the petroleum ether 
with concentrated sulfuric acid and potassium permanganate, drying over 
anhydrous potassium carbonate, and then distilling. 

The opalescence, lack of temperature control, and impurity of the 
petroleum ether could easily account for the variations described by Joseph- 
son and Hunter. 

In order to shorten the time of the operation and in order to be able to 
develop the colors in smaller volumes, it was decided to eliminate the 
separatory funnels. The procedure is transferred, therefore, to glass- 
stoppered test-tubes. All washings are also eliminated by taking aliquots 
of the petroleum ether. In order to facilitate the taking of aliquots and 
to minimize losses due to evaporation, a higher boiling petroleum ether 
fraction (90-100°) is used. n-Heptane, b.p. 96-97°, may be purchased 
and used without purification. 

In taking aliquots, it is necessary to centrifuge down the water adhering to 
the sides of the test-tubes. By this procedure a petroleum ether aliquot free 
of the aqueous layer is obtained. Since the solubility of water in high boil- 
ing petroleum ether is nil, the petroleum ether aliquot can be considered free 
of the lower layer and no washings are necessary. ‘The aliquot is trans- 
ferred to a second tube having a ground glass stopper. A desired amount of 
sodium sulfide is now added to develop the color. 3.5 ml. are added if the 
color is to be read in the Coleman spectrophotometer or 1 ml. or less if it 
is to be read in the Beckman spectrophotometer, depending upon the 


choice of the micro cuvettes employed. 
It is of interest to note at this point that this technique can usually be 
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applied to any method in which separatory funnels are used and washings 
are necessary. By use of test-tubes centrifuging is simplified and a better 
separation of phases is obtained. 

When the Coleman spectrophotometer is employed, special tubes with a 
5 cm. light path, containing 3 ml. of liquid, are used. ‘These were designed 
by A. E. Sobel for his vitamin A method.?_ These tubes are 5 cm. horizontal 
absorption tubes adapted to the Coleman spectrophotometer. Their 
capacity is3.0ml. For extraction 15 cm. Pyrex test-tubes with ground glass 
stoppers and marks at 2, 3, and 5 ml. were used. These marks may be 
scratched on by the investigator since the volumes are not critical. 

With these improvements the method is easily applicable to 1 ml. of whole 
blood if the Coleman spectrophotometer is used or 0.3 ml. of whole blood 
with the Beckman spectrophotometer. Correspondingly smaller quantities 


of serum and plasma may be used, for serum and plasma have higher 
“ concentrations of citric acid than whole blood. 2 to 60 ¥ of citric acid are 


conveniently determined on the Beckman spectrophotometer and from 
5 to 60 y on the Coleman spectrophotometer in the standard solutions. 


Methods 


Reagents— 

Citric acid. Stock solution, 1 ml. = 1 mg. of anhydrous citric acid 
(analytical reagent). 

H,SO,, 18 N (analytical reagent). 

Bromine water, saturated (analytical reagent). 

Potassium bromide, 1 m (analytical reagent). 

Hydrogen peroxide, 6 per cent, obtained by diluting 10 ml. of 30 per cent 
H,0, (analytical reagent) with 500 ml. of water. This solution should be 
kept in a refrigerator. 

Sodium sulfide, 4 per cent solution, 40 gm. Sodium sulfide crystals, 
NaS-9H,O (analytical reagent), are diluted to 1000 ml. The solution 
should read 95 per cent transmission or better in a Coleman spectro- 
photometer against water at 450 my. When the sodium sulfide solution 
reads less than 95 per cent transmission, it should be discarded and a new 
solution prepared. This solution is kept in a refrigerator. 

Petroleum ether, b.p. 90-100°. The commercial petroleum ether must 
be purified by the following procedure. About 700 ml. of petroleum ether 
are shaken with about 100 ml. of concentrated H.SO, in a 1 liter separatory 
funnel and allowed to stand overnight. The H.SO, is drawn off. The 
petroleum ether is then washed three times with 50 ml. portions of H,SO,. 
It is now washed with 100 ml. of water several times. The petroleum ether 
is then shaken with a saturated solution of KMnQ,, made up in 0.5 H.SO,, 


? Private communication. 
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and allowed to stand for about 30 minutes. The petroleum ether is thep 
washed free of permanganate with water. At this point a small portion 
of the petroleum ether is tested with a small amount of concentrated 
H.SO, in a test-tube. No color should develop. If color develops, 
treatment with H.SO, and permanganate is repeated. The petroleum 
ether is then allowed to dry over anhydrous potassium carbonate, and 
filtered through glass wool into a distilling flask. It is distilled and the 
90-100° fraction is collected. 

Procedure—| ml. of blood, plasma, serum or 0.02 ml. of urine is pipetted 
into a 15 ml. centrifuge tube and 5 ml. of 10 per cent trichloroacetic acid is 
blown rapidly into the blood, in order to precipitate the protein as fine 
particles; toward the end the pipette is allowed to drain in order to give an 
accurate measurement. The mixture is shaken and allowed to stand for 
10 minutes before centrifuging. A 5 ml. aliquot of the supernatant fluid 
is placed in a 15 ml. glass-stoppered centrifuged tube with graduations at 
2,3,and5ml. 0.2 ml. of 18 N sulfuric acid is added and the tube is shaken. 
The volume is boiled down to approximately 2 ml. by placing in an iron 
test-tube rack in an oil bath at 110-120°. Two small hollow glass beads 
are put in the tube to prevent bumping. After the solution has cooled to 
room temperature, 0.2 ml. of saturated bromine water is added. The 
mixture is allowed to stand for a few minutes. The bromine should be in 
excess as noted by its characteristic color. 0.2 ml. of 1 M potassium 
bromide is now added. The volume is then made up to the 3 ml. mark 
with water and | ml. of 1 N potassium permanganate is added. The 
solution is allowed to stand at room temperature for 10 minutes before 
cooling to 10°. The solution is decolorized with the minimum amount of 
6 per cent hydrogen peroxide. It is important to have the solution cold at 
this point, because too much hydrogen peroxide may be used and the 
volume of the solution may become too large. The solution is diluted to 
the 5 ml. mark with water. Exactly 5 ml. of petroleum ether are added, 
and the tube is stoppered and shaken for 5 minutes in a shaking machine. 
It is then centrifuged for 5 minutes at 2000 r.p.m. A 4 ml. aliquot is 
taken without disturbing the aqueous phase. The aliquot is placed in a 
10 or 15 ml. glass-stoppered centrifuge tube and cooled in a refrigerator. 

Although the determination should preferably be completed in 1 day, 
we have found that the petroleum ether solution of the pentabromoacetone 
may be kept overnight in the refrigerator. After this point, all solutions 
must be kept below 15°. Exactly 3.5 ml. of the cooled 4 per cent sodium 
sulfide solution are added. The tube is stoppered, shaken for 1 to 2 min- 
utes, and then centrifuged for 3 minutes at 2000 r.p.m. The centrifuge 
tubes should be packed in ice to keep the temperature low. The pe- 
troleum ether is aspirated off and enough of the now colored aqueous 
phase is taken to fill the cuvette (approximately 3 ml.). The per cent 
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transmission is read in a Coleman spectrophotometer at 450 and at 650 my 
from 15 to 35 minutes after the color was first developed; 7.e., after the 
petroleum ether was shaken with the sodium sulfide solution. The color is 
read against the sodium sulfide solution. Correction is made for cloudiness 
by subtracting the opt ical density at 650 my from the optical density at 
450 mu. 

Standard Curve—To prepare the standard curve, dilutions of the citric 
acid stock solution are used. These solutions should contain from 10 to 60 
of citric acid per ml. 1 ml. of each solution is used for each point on the 
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Fic. 4. Relation between absorption at 450 my and amount of citric acid in the 
sample of the standard solution. Color developed in a total volume of 3.5 ml. (15°). 


curve. A new curve is made for each new batch of sodium sulfide solution. 
The same procedure is followed as is described for blood, starting with the 
addition of sulfuric acid. The preliminary boiling and treatment with 
bromine water are omitted. 

Fig. 4 is a typical curve in which optical density is plotted against micro- 
grams of citric acid. It will be observed that the line has a slight curva- 
ture, deviating only slightly from Beer’s law. If the sodium sulfide used 
is of analytical grade and the material is carefully weighed, only slight 
deviations from the first curve will be obtained with the different batches 
of sodium sulfide solution. 

Each point of the curve is an average of at least five determinations. 
The maximum percentage deviation from the mean for any particular point 
is less than 2 per cent. 

In determining the total amount of citric acid present in the sample of 
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biological fluid with this curve, the results obtained must be multiplied by 
6/5 because originally a five-sixths aliquot was taken of the trichloroacetic 
acid filtrate. The curve as plotted from determinations on known amounts 
of citric acid actually represents only four-fifths of the total amount of 
citric acid present. This is so because a four-fifths aliquot of the petroleum 
ether, which contains the pentabromoacetone, is taken. Since the same 
procedure is followed on the trichloroacetic acid aliquot of the biological 
material, the results may be directly read from the curve for the aliquot, 


Results 


The method was applied to whole blood, serum, plasma, and urine, 
For plasma the fresh blood is drawn into a paraffined tube and centrifuged 
while packed in ice. This was done to decide whether, for convenience, 
serum could be used routinely. 








TABLe I[ 
Determination of Citric Acid in Whole Blood, Serum, Plasma, and Urine 
, ’ rs Whole blood 
Sample — Whole blood vs > ie Urine 
No. Whole blood recovery® Serum Plasma Urine secovery* ad 
me. per cent per cent meg. per cenit mg. per cent mz. per cent per cent 
| 1.30 99 1.92 1.92 125.0 104 0.677 
2 1.47 95 2.15 2.16 11.0 95 0.684 
3 1.46 97 2.19 2.19 42.5 100 0. 667 
4 1.67 95 2.60 2.50 101.0 97 0.643 
5 1.60 97 2.33 2.39 46.0 95 0.672 
*0.2 mg. of citric acid added (this is equivalent to increasing the blood citric 


acid by 2 mg. per cent and the urine citric acid by 100 mg. per cent 


Table I indicates some results on a series of determinations on fasting 
samples of whole blood, serum, plasma, and urine. Each value is the 
average of duplicates. The results obtained on duplicates varied from 
each other from 0 to 3 per cent. 

It is apparent that for clinical determinations the method is adequate. 
The values for normal serum fall within a range described by Sjéstrim 
(24). It is of interest to note that serum and plasma show slight variation 
within the experimental error. The clotting mechanism therefore does not 
remove appreciable amounts of citric acid. The ratio of the concentration 
of citric acid in whole blood to plasma is fairly constant at 64 to 68 per cent. 
This would indicate that substantially all the citric acid is in the serum. 
The hematocrit, as usually measured, gives a value of about 40 per cent. 
If there were no citric acid in the cells, the whole blood to plasma ratio 
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would be approximately 0.60. This is distinct from the observations on 
dogs, which have an appreciable amount of citric acid in the red cells (17). 
Nordbé and Schersten (25) report that human red blood cells contain 
practically no citric acid. For routine determinations serum determina- 
tions are therefore recommended. 

No relationship is apparent between the citric acid concentration in 
urine and serum. This is in accordance with the observations of Ostberg 
(26) and Lindquist (27). Concentrations in the urine are from 20 to 60 
times the concentration in blood. The kidney apparently concentrates 
the citric acid. The excretion of citric acid in a 24 hour period is of the 
order of 1 to 1.5 gm. 

The recoveries indicate that the method is accurate within 5 per cent for 
biological fluids. 


SUMMARY 


1. A method is described for the determination of citric acid in 1 ml. of 
whole blood, plasma, and serum, and 0.02 ml. of urine. 

2. By this method amounts of the order of 2 to 60 y of citric acid can be 
determined with an accuracy of 5 per cent. 

3. The method is rapid and requires only the usual apparatus found in 
a well equipped laboratory. At least twenty determinations can be 
completed in a working day. 

4. The distribution of citric acid between whole blood, plasma, and 
serum was measured. This distribution indicates that practically all of 
the citric acid is in the plasma or serum. The clotting mechanism does not 
remove a measurable amount of citric acid from the serum. 

5. No relationship was observed between the citric acid concentration 
in blood and urine. 
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THE UPTAKE OF GLUCOSE BY THE ISOLATED 
DIAPHRAGM OF NORMAL, DIABETIC, AND 
ADRENALECTOMIZED RATS* 
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(From the Departments of Biological Chemistry and Pharmacology, 
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The technique introduced by Gemmill (1, 2), the measurement of glucose 
uptake by the isolated diaphragm, and the ease with which a severe 
pancreatic diabetes can be produced in the rat by the injection of alloxan 
made it possible to examine the question whether or not there is an impair- 
ment of glucose utilization in diabetic muscle. Since the first step in 
glucose utilization, the hexokinase reaction, glucose + adenosine tri- 
phosphate —> glucose-6-phosphate, is irreversible, it should be the rate- 
determining step for the glucose uptake by the diaphragm. 

Directly related to this argument and to the question to be examined 
is the recent observation (3) that the hexokinase reaction is inhibited in 
muscle extracts of diabetic rats and that this inhibition can be counteracted 
by insulin. It seemed desirable to extend these findings in experiments on 
intact muscle. Accordingly, the rates of glucose uptake were measured 
with diaphragms from normal rats, from rats exhibiting diabetes of varying 
degrees of severity, from rats which had been made severely diabetic and 
subsequently adrenalectomized, and from adrenalectomized rats. 


Methods and Materials 


Animals—Rats were obtained from two sources: Anheuser-Busch, Inc. 
(Strain AB)! and Sprague-Dawley, Inc. (Strain SD). 

The stock diet was “‘friskies dog food cubes” having the following per- 
centage composition according to the manufacturer: protein 24.0, fat 4.5, 
fiber 4.0, carbohydrate 45, ash 10, moisture 10. 

To exclude the possibility of a variation with sex in the glucose uptake 
by diaphragm, male rats were used with three exceptions. 

Most rats weighed between 100 and 200 gm. when killed. Younger ani- 
mals had diaphragms too small to yield the desired number of samples; 
larger animals were occasionally used, but those weighing more than 300 

* This work was supported by a research grant from Eli Lilly and Company. 

1 These animals were provided through the kindness of Dr. J. E. MeClary. 
Most of the present experiments, as well as the previous experiments on diabetic 
rats reported from this laboratory, have been carried out with this strain. 
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gm. had to be excluded because the diaphragms were too thick to allow 
complete oxygen diffusion. 

Production of Diabetes—The rats were fasted 24 hours, then injected in. 
travenously with 50 to 60 mg. per kilo of alloxan monohydrate (Eastman 
Kodak); the drug was employed as a fresh 5 per cent solution in water, 
ether anesthesia to immobilize the rats was found to expedite the injections, 

After injection, the animals were returned to the stock diet, with water 
to drink. Blood sugars were obtained on the fed animals at 48 hours and, 


TaBLe | 

Blood Sugar Values Obtained after Intravenous Administration of 50 to 60 Mg. per Kilo 
of Allozan Monohydrate to Rats of Anheuser-Busch (AB) 

and Sprague-Dawley (SD) Strains 








c s found i I 
Renee of bined Per cent of rats found in each blood sugar group* 








Strain sugar values Saas cated GRURMRRIR a ad Ae 0 
Fed Fasting 
mg. per cent 
AB 0- 99 2 (i 8 (3) 
100-299 0 30 (12) 
300-499 54 (26 53 (21) 
500-699 36 (17 5 (2) 
700-899 6 3 2 (1) 
900 up 2 (2) 2 (1) 
SD 0- 99 3 (il 27 (8) 
100-299 8 (3 53 (16) 
300—499 31 (12 13. (4) 
500-699 38 (15 7 (2 
700-899 15 (6) 0 
900 up 5 @ 0 


* The figures in parentheses give the actual number of rats. The total number 
of fasting animals is less than the total of fed animals because of loss during fasting. 


after a 16 to 20 hour fast, at 72 hours after injection. Blood sugars on 
fed and fasted animals were determined occasionally thereafter until the 
animals were killed; the blood sugar values given in the tables for fasted 
animals are those obtained on the day the animal was killed for use of the 
diaphragm. 

The blood sugar values obtained upon all surviving rats given 50 to 60 
mg. per kilo of alloxan monohydrate are summarized in Table I. 

There are apparently differences in the suceptibility of different strains 
of rats to alloxan, as shown by the blood sugar levels during fasting. The 
differences are less marked when the blood sugars of fed animals are com- 
pared. This would indicate that blood sugar determinations on fed ani- 
mals are not an adequate criterion of the severity of alloxan diabetes in 
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rats. This point is perhaps worth stressing, as blood sugars of alloxan- 
treated rats are almost invariably reported in the literature for the fed 
animals. 

Blood sugars were determined in duplicate on 0.05 ml. samples obtained 
from the tails of unanesthetized animals. The blood was allowed to drop 
on a chilled watch-glass, from which it could be readily pipetted without 
clotting. Analyses were performed by the Nelson method (4) with a 540 
mz filter and the Klett-Summerson photoelectric colorimeter. 

Removal of Adrenals—Each rat received 10 mg. of atropine sulfate in 0.5 
ml. of 0.9 per cent sodium chloride solution subcutaneously; this dose, given 
30 to 120 minutes prior to operation, was found useful in reducing respira- 
tory complications produced by ether. 

Bilateral adrenalectomy was performed under ether anesthesia according 
to the technique described by Ingle and Griffith (5). The animals were 
then given the stock diet, with 1 per cent sodium chloride solution to drink, 
until killed. 

Adrenalectomy of the diabetic rats was followed by a fall of the blood 
sugar of the fed animals from 300 to 800 to about 200 to 400 mg. per cent; 
these diabetic-adrenalectomized rats could not be safely fasted for 16 to 20 
hours, as they tended to die of hypoglycemia. On this account, a fasting 
period of 6 hours was employed; in this period the blood sugar fell to normal 
values or below, in contrast to the blood sugar of more than 300 mg. per 
cent after a fast of 16 to 20 hours in the same diabetic animals prior to 
adrenalectomy. 

Suspension Medium for Diaphragms—Krebs-Henseleit solution (6) was 
used in all experiments. This was chosen because of its similarity to ex- 
tracellular fluid with respect to ionic content. In all experiments, except 
those specifically noted, the gas phase was 95 per cent oxygen-5 per cent 
carbon dioxide, giving an initial pH of 7.4 to the medium. 

Gemmill and Hamman (7) found that the glucose utilization by rat dia- 
phragm was higher with 300 or 500 mg. per cent of glucose in the medium 
than with 200 mg. per cent; they also found that the absolute increase in 
glucose utilization produced by insulin was somewhat larger at 300 or 500 
mg. per cent than at 200 mg. per cent. 

For the present investigation, two concentrations of glucose were tried, 
100 and 200 mg. per cent. Although the rate of glucose utilization and 
the effect of insulin tended to be somewhat higher at 200 than at 100 mg. 
per cent, the lower concentration was chosen for most of the experiments 
in order to compare rates of glucose utilization at a substrate concentration 
corresponding to the normal blood sugar level. To allow the stimulation 
by insulin to be demonstrated clearly, the weight of the diaphragm sample 
was limited to about 30 mg. so that the sugar concentration in the medium 
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would not fall below 50 mg. per cent at the end of the incubation period, 
In addition, a few experiments were run at 200 mg. per cent. 

The solutions containing insulin were prepared by diluting 0.1 ml. of com. 
mercial (80 units per ml.) iletin (insulin, Lilly) with 8 ml. of ice-cold me. 
dium. Control experiments showed that the 0.2 per cent phenol contained 
in the original insulin solution was sufficiently diluted in the final analyses 
so as not to give a color with the phosphomolybdate used in the glucose 
determinations. The final concentration of insulin to which the tissue was 
exposed was 0.05 mg. per ml., which is approximately 1 unit per ml. 

Procedure for Handling Diaphragms—After the animals were stunned, the 
diaphragm was removed and immersed immediately in ice-cold Krebs. 
Henseleit solution previously equilibrated with 95 per cent oxygen-5 per 
cent carbon dioxide and containing 100 mg. per cent of glucose; during 
this operation, stretching and handling of the diaphragm were kept at a 
minimum and care was taken to avoid the bleeding which results from 
puncturing the posterior vena cava or the liver. 

The muscle of the diaphragm was trimmed to remove the central tendon 
and the extremely thin muscle at the periphery. Each half of the dia- 
phragm was then cut lengthwise to yield two pieces and again subdivided 
when necessary. 

Each piece was blotted separately, weighed on a torsion balance, and 
transferred to the chilled medium contained in the side arm of a Warburg 
vessel or in a small round bottom cylindrical vessel prepared for the purpose 
by sealing off one end of a 5 em. length of 16 mm. Pyrex tubing. The 
medium (0.35 to 0.36 ml.) was previously placed in the vessels by means 
of a Lang-Levy micro pipette; micro pipettes delivering 0.09 to 0.115 ml. 
were used for the sampling at the end of the experiment. The vessels con- 
taining medium and tissue were next attached to Warburg manometers, 
equilibrated with the gas phase, placed in a bath at 37°, and shaken for 
2 hours at 96 cycles per minute. At the end of the 2 hour period, the 
vessels were removed, stoppered, and chilled in ice water. 

For analysis of residual glucose in the medium, duplicate 0.09 to 0.115 
ml. aliquots were pipetted into 1.5 ml. of water and precipitated with 0.2 
ml. each of barium hydroxide and zine sulfate; 1.0 ml. samples of the filtrate 
were analyzed by the Nelson method. Samples of the original medium 
were carried through the analysis concurrently, and the glucose utilization 
was determined by difference. In order to appraise the significance of the 
differences in glucose utilization between diaphragms from various types 
of animals,” the results were analyzed statistically by standard procedures. 
The values of P were taken from the Fisher ¢ table (8); according to this 


2 The experiments on different groups of animals were carried out on overlapping 
dates in order to minimize accidental variations in preexperimental conditions. 
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method of expression, a value of P = 0.01 means that the difference ob- 
served would occur by chance only once in a hundred trials, etc. 

Since the blood sugar of the diabetic rats was so much higher than that 
of the normal rats, there was the possibility that extra glucose in the diabetic 
diaphragms might lead to an underestimation of the rate of glucose utiliza- 
tion. Accordingly, the free sugar content was determined in the dia- 
phragms of both normal and diabetic animals. After being chilled as usual 
in ice-cold medium containing 100 mg. per cent of glucose, the tissue was 
blotted, weighed, and thoroughly ground with sand in a known volume 
of water; this was followed by precipitation of protein with barium hy- 
droxide and zine sulfate. The clear filtrate was then analyzed by the Nel- 
son method. Four normal diaphragms contained an average of 0.40 y of 
glucose per mg. of wet tissue, while five diabetic diaphragms (from animals 
with blood sugars ranging from 380 to 920 mg. per cent) contained an 
average of 0.39 y of glucose per mg. of wet tissue. Thus, owing to the 
preliminary washing, no extra sugar was carried over by the diabetic dia- 
phragms into the suspension medium. 


Results 


All rates of glucose utilization are expressed as mg. per gm. of wet dia- 
phragm per hour. An initial glucose concentration of 100 mg. per cent in 
the suspension medium was employed for all experiments reported in the 
tables. Tests of the significance of differences between the rates for the 
various groups of diaphragms are summarized with the data in the appro- 
priate tables. 

Diaphragms from Normal Rats—The mean rate of glucose utilization was 
found to be 1.93 mg. per gm. without insulin and 2.47 with insulin (Table 
II). When expressed in the same units as are used here, the values ob- 
tained by Stadie (9) at 100 mg. per cent initial glucose were 1.91 without 
insulin and 3.48 with insulin. The corresponding values obtained by Gem- 
mill and Hamman (7) at 200 mg. per cent initial glucose were 1.80 and 3.44. 
The reason for the smaller insulin stimulation here observed is not known, 
but may lie in the difference in ionic content of the suspension media; 
Stadie used a ‘‘saline-phosphate” solution; Gemmill used a magnesium-free 
solution buffered with phosphate; in the present experiments, the solution 
contained magnesium in approximately the concentration found in extra- 
cellular fluid, and was buffered with carbon dioxide-bicarbonate. 

Since the same diaphragm was cut into a number of pieces, some of which 
served as controls, while others were used for the measurement of stimula- 
tion by insulin, it was of importance to find out how much variation in 
glucose uptake was observed among individual pieces. Data bearing on 
this point are included in Tables II and III; they show that the method 
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of cutting the diaphragm into a number of pieces introduces no serious 
error and is useful for testing the effect of addition of various substances, 

One diaphragm from a normal rat, in which 95 per cent N2-5 per cent 
COz instead of 95 per cent O.-5 per cent CO» was used as the gas phase, 
showed a very low rate of glucose utilization, approximately 10 per cent 


of the rate in oxygen. 


Tasie II 
Glucose Uptake by Diaphragms of Normal Rats 
Each line gives measurements on diaphragm from one rat. The number in parep. 
theses gives the number of pieces from each diaphragm used in parallel experiments, 
Each piece was run separately and the values obtained were averaged. The stand- 


ard deviation is included when more than two pieces were used. 


———— ——— — ee 





Glucose uptake, mg. per gm. wet tissue per hr. 
Fasted (Fa.) or fed _ ae . — 











Rat No Strain F.) prior to use =i 
In glucose In glucose + 
insulin 

] AB F. 2.13 + 0.06* 

2 “3 Fa. 2.46 (7) + 0.04* 

3 F 2.34 (2 3.52 (2) 

} 1.52 (6) + 0.0S* 

5 sD 2.18 (5) + 0.12* 

6 , Fa. 2.18 (2 2.57 (2) 

7 F. 1.71 (2 2.54 (2) 

Ss AB Fa. 1.58 (2 1.58 (1) 

9 ¥ re 1.43 (2 1.72 (2) 

10 1.91 (2 2.38 (2) 

1] 1.98 (2 3.14 (1) 

12 ‘ 2.01 (2 2.64 (1) 

13 1.61 (2 2.09 (2) 

ee asia ates 1.93 2.47 





Test for significance of insulin stimulation (pair comparison), ¢ = 4.6, P = 0.002. 


* Standard deviation 


Diaphragms from Diabetic Rats—The rate of glucose utilization by dia- 
phragms from diabetic, Strain AB, rats was found to depend upon the se- 
verity of the diabetes. Diaphragms from rats which had blood sugars 
below 200 mg. per cent in the fasted state were normal with respect to the 
rate of glucose utilization, while every diaphragm from a rat with a fasting 
blood sugar above 300 mg. per cent exhibited a depressed rate (Table III). 
The mean value for twelve animals of this latter group was 0.80, a decrease 
of 59 per cent in the rate of sugar utilization. Addition of insulin increased 
the rate of utilization by diabetic diaphragm to 1.38 mg. per gm. This 
represented an absolute stimulation of 0.58 mg. per gm. per hour, as com- 
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pared to an absolute stimulation of 0.54 mg. per gm. per hour with normal 
diaphragm. 

The fact that the diabetic diaphragm treated with insulin used less glu- 
cose than the normal diaphragm raised the question of the total hexokinase 


Tasie III 
Glucose Uptake by Diaphragms of Diabetic Rats, Strain AB 


The conventions and abbreviations are the same as in Table II. The animals 
were fasted for 16 to 20 hours prior to the experiment. 


| 











Blood sugar Glucose uptake, mg. per gm. wet tissue per hr. 
N Days after al- 
Rat No. | loxan injection . | In glucose + 
Fed Fasting In glucose | lnsalia 





——— 


Group A. Rats with fasting blood sugars of 300 mg. % or more and 
depressed glucose uptake 























| mg. percent | mg. percent 
1 3 592 | 0.85 (6) + 0.04* 
2 3 441 400 0.88 (8) + 0.04* 
3 3 1000 0.45 (6) + 0.04* 
4 3 584 0.92 (6) + 0.08* 
5 3 468 336 0.76 (2) 1.16 (2) 
6 3 512 336 0.73 (2) 1.26 (2) 
7 3 MO 412 0.88 (2) 1.35 (2) 
8 5 696 412 1.00 (2) 1.40 (2) 
9 | 5 | 456 | 360 0.46 (2) 1.33 (2) 
10 | 3 680 720 | 0.60 (2) 1.18 (2) 
1 4 0. 344. | = 1.06 (2) 1.37 (2) 
12 4 580 | = 428 | ‘1.00 (2) 1.95 (2) 
| 
Ee ee een | 0.80 1.38 





Test for significance of insulin stimulation (pair comparison): ¢ 6.8; P < 0.001 
~ 7 ‘** difference between mean for normal diaphragm (without 
insulin) and mean for diabetic diaphragms of Group A (without insulin): 
t 10.3; P < 0.001 


Group B. Rats with fasting blood sugars below 300 mg. % 


eae” ee eee 152 1.49 (2) 
2 | ll 440 92 1.64 (2) 








1.99 (2) 
2.14 (2) 








* Standard deviation. 


content of the muscle from alloxan-diabetic rats. Leg muscles of five rats 
(Nos. 7,8, 9, 11, 12, Table III) were ground and thoroughly extracted with 
water; the extract was allowed to stand for about 1 hour at 0° (during 
which an inhibitory factor present in fresh extracts is destroyed (3)) and the 
hexokinase activity tested as described in a previous paper (3). In no in- 
stance was the hexokinase activity below the normal range. 
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The rate of glucose utilization by diaphragms from diabetic rats of Strain 
SD was also dependent upon the severity of the diabetes but, as stated 
previously, it was difficult to make rats of this strain as severely diabetic 
as those of Strain AB. Diaphragms from three out of five animals with 
high blood sugars have shown depressed rates, while diaphragms from five 
animals with fasting blood sugars between 200 and 300 mg. per cent had 
rates which were within the normal range (Table IV). 


TaBLe IV 
Glucose Uptake by Diaphragms of Diabetic Rats, Strain SD 
The conventions and abbreviations are the same as in Tables II and ITI. 








} 


Blood sugar Glucose uptake, mg. per gm. wet 
. tissue per hr 
Rat No Time after al- e me 
lesan injectia oo 1 
Fed Fasting In glucose In glucose + 


insulin 








Group A. Rats with fasting blood sugars of 300 mg. ©; or more, or depressed glucose 

















uptake 
days me. per cent meg. per cent : 
1 2 960 0.63 (5 
2 2 516 0.30 (2 
3° 3 512 512 0.68 (1 1.58 (1) 
4 3 SSO 18S 2.61 (2 3.07 (1) 
5 16 460 460 1.90 (2 2.65 (2) 
Group B. Rats with fasting blood sugars below 300 mg 
l 5 580 256 1.49 (2 2.13 (1) 
2 } $40 248 1.42 (2 1.97 (2) 
3 3 628 240 2.14 (2 3.12 (1) 
4 5 528 212 1.76 (2 2.27 (2) 
5 4 108 212 1.59 (2 2.18 (2) 
Mean, Group B..... gain 1.68 2.33 
Test for significance of insulin stimulation (pair comparison): ¢ 6.9; P 0.008 








* This rat was fed high protein diet (11) for 6 days, then fasted 24 hours prior to 
injection of 50 mg. of alloxan monohydrate per kilo. 


Diaphragms from Severely Diabetic Rats Which Were Subsequently Ad- 
renalectomized—It has been reported (3) that the inhibition of the hex- 
okinase reaction in muscle extracts of diabetic rats is increased by the 
addition of adrenal cortical extract. Conversely, an amelioration of dia- 
betic symptoms in various species has been observed after adrenalectomy 
(see Long et al. (10) for review). It was of interest to see whether this 
observation on the whole animal could be duplicated on isolated muscle. 
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Since every diaphragm taken from diabetic, Strain AB, rats with blood 
sugars above 300 mg. per cent in the fasting state had shown a significantly 
depressed rate, animals were taken from the same group for adrenalectomy 
(Table V). 

Adrenalectomy was followed by a fall in blood sugar in six of seven fed 
animals. During even short periods of fasting, there was a marked drop 
in blood sugar in every animal. In Rat 2, for example, the blood sugar 


TABLE V 
Glucose Uptake by Diaphragms of Diabetic-Adrenalectomized Rats, Strain AB 


Each rat of this group showed a fasting blood sugar over 300 mg. per cent before 
adrenalectomy. The conventions and abbreviations are the same as in Tables II 


and III. 





Blood sugar Time of use Glucose uptake, mg. per gm. 




















wet tissue per br. 
Rat No. (py im 
at No Before adrenalectomy After adrenalectomy | After _—.. de dant In glucose + 
Fed | Fasting Fed Fasting | alloxan |; tomy insulin 
mesg | meter | me ger | meter | dose | dass | 
1 356 336 348 12* 12 3 2.41 (2) | 3.37 (2) 
2 416 380 296 40t 13 9 | 1.98 (2) 2.38 (2) 
3 728 440 280 108t 13 9 2.08 (2) | 1. a (2) 
4 668 440 240 | 96T | Ss 3 2.20 (1) | 3.12 (1) 
5 328 336 392 98T 10 4 1.76 (2) 2.86 (2) 
6 608 380 348 180t ll 3 2.74 (2) | 3.86 (2) 
7 | 552 424 404 20t | a ee 2.08 (2) | 2.78 (2) 
Mean... «aa ndak COU ewesk sede eebeeeeeean ee enue 2.18 2.88 











Test for significance of insulin stimulation (pair comparison): t 3.4; P 0.01 





* Fasted 24 hours; occasional convulsions occurred after this period of fasting. 
+ Fasted 6 hours; this period was chosen to minimize the loss of animals which 
was incurred with longer fasting. 


fell from 296 to 40 mg. per cent after only 6 hours of fasting; before ad- 
renalectomy, the same animal had a blood sugar of 380 mg. per cent after 
20 hours of fasting. 

The rate of glucose utilization in this group was 2.18 mg. per gm., as 
compared to the values of 0.80 and 1.93 mg. per gm. for the diabetic and 
normal groups, respectively. Thus, a depressed glucose utilization in dia- 
phragms from diabetic animals does not persist after adrenalectomy. 

Diaphragms from Adrenalectomized Rats—The rates of glucose utilization 
for diaphragms from eight adrenalectomized rats were 2.03 mg. per gm. 
without insulin and 2.40 with insulin (Table VI). The rate without insulin 
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is very close to that for normal diaphragm. No previous measurements 
of glucose utilization by diaphragm from adrenalectomized. animals are 
available, but Koepf, Horn, Gemmill, and Thorn (12) stated in an abstract 
that “in a medium of 0.2 per cent glucose, the increase in glycogen content 
of the diaphragm of both normal and adrenalectomized rats was of the same 
magnitude.” 


TaBLe VI 
Glucose Uptake by Diaphragms of Adrenalectomized Rats 


The conventions and abbreviations are the same as in Tables II and III. 





——$—___ 


Glucose uptake, mg. per gm. 











Fasting blood | Time of use wet tissue per hr. 
Rat No. Strain sugar after | after 
adrenalectomy adrenalectomy inal = glucose 4 
—— va ea i. nw 7 ‘ days _ 
1 SD 58 3 1.81 (2) 2.01 (2) 
2 ” 60 5 1.47 (2) 1.83 (1) 
3 58 25 2. 37 (2) 2.89 (2) 
4 60 23 1.85 (1) 1.80 (1) 
5 AB 56 4 1.61 (2) 2.00 (2) 
6 = 44 7 2.12 (2) 2.29 (2) 
7 44 7 2.54 (2) 3.45 (2) 
8 28 Ss 2.45 (2) 2.90 (2) 
Mean - 2.03 2.40 


Test for signific ance of insulin stimulation (pair comparison) : t 3.7; Pi 0.008 




















It is worthy of note that the insulin stimulation observed with the two 
adrenalectomized groups is smaller than that for other groups. 


DISCUSSION 

The results reported in this paper show that the isolated diaphragm can 
serve as an indicator of the changes in carbohydrate metabolism observed 
in the intact animal. Severe diabetic hyperglycemia is associated with a 
decreased glucose utilization by the isolated muscle, and amelioration of 
diabetes by adrenalectomy is paralleled by a return of the glucose utili- 
zation of the diaphragm to normal. 

For reasons stated in the introduction, the rate of glucose uptake by the 
isolated diaphragm is a measure of the activity of the hexokinase system. 
It would appear that this system is not fully active in diaphragms removed 
from either fed or fasted normal rats, since addition of insulin increases the 
glucose uptake. 
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In diaphragms of diabetic rats, insulin did not restore glucose utilization 
tonormal. Since the total hexokinase content of diabetic muscle, as meas- 
ured in muscle extracts, was found to be within the normal range, the failure 
of insulin to restore normal utilization in the intact diabetic muscle may 
be due to unfavorable conditions for the action or penetration of the hor- 
mone. The following observation may be significant in this respect. 
Nelson and Corkill and Nelson (13) have shown that insulin fails to exert 
qa stimulatory effect on the glucose uptake and on glycogen formation in the 
diaphragm of normal rats previously injected with anterior pituitary extract. 

Further work with the isolated diaphragm may throw additional light 
on the postulated relationships of anterior pituitary, adrenal cortex, and 
insulin to the hexokinase system. 


SUMMARY 


1. Comparisons have been made between rates of glucose utilization 
by isolated diaphragms from the following groups of rats: (a) normal; 
(b) diabetic; (c) diabetic, subsequently adrenalectomized; and (d) ad- 
renalectomized. The effect of insulin upon glucose utilization by dia- 
phragms of each group has also been studied. 

2. The rate of glucose utilization by diaphragms from diabetic rats is 
dependent upon the degree of the diabetes; it decreases below normal as 
the severity of the diabetes, as measured by the fasting blood sugar, 
increases. With the strain of rats most extensively studied, every dia- 
phragm from rats having fasting blood sugars above 300 mg. per cent 
exhibited a rate of glucose utilization significantly lower than normal, 
the average for diaphragms from twelve such rats being 59 per cent 
below the normal rate. Adrenalectomy of such severely diabetic rats is 
followed by a fall in the blood sugar level of the fed animals, an inability 
to maintain high blood sugar levels even during short periods of fasting, 
and return of the rate of glucose utilization by the diaphragm to 
normal. 

3. The glucose utilization by diaphragms from adrenalectomized rats 
is within the normal range. 

4. The severity of diabetes, as judged by the blood sugar level during 
fasting, differed markedly in two strains of rats. 


BIBLIOGRAPHY 


1. Gemmill, C. L., Bull. Johns Hopkins Hosp., 66, 232 (1940). 

2. Gemmill, C. L., Bull. Johns Hopkins Hosp., 68, 329 (1941). 

3. Colowick, S. P., Cori, G. T., and Slein, M. W., J. Biol. Chem., 168, 583 (1947). 

1. Nelson, N., J. Biol. Chem., 158, 375 (1944). 

5. Ingle, D. J., and Griffith, J. Q., in Griffith, J. Q., and Farris, E. J., The rat in 


laboratory investigation, Philadelphia, 389 (1942). 


Pee Le eS 
a= et 


Ta = ee eS, 


Se ee 
barge Mee 


See: 






od ee 5 — ae es a 
SOLRIST IT Se ES RS $e 


pa ae os 


. Fern > 


618 GLUCOSE UPTAKE BY DIAPHRAGM 


6 
7 
8 


. Krebs, H. A., and Henseleit, K., Z. physiol. Chem., 210, 33 (1932). 
- Gemmill, C. L., and Hamman, L., Jr., Bull. Johns Hopkins Hosp., 68, 50 (1941), 
. Fisher, R. A., Statistical methods for research workers, Edinburgh, 8th edition, 


167 (1941). 


. Stadie, W. C., Yale J. Biol. and Med., 16, 539 (1944). 
10. 
ll. 
12. 


Long, C. N. H., Katzin, B., and Fry, E. G., Endocrinology, 26, 309 (1940). 

Tepperman, J., Engel, F. L., and Long, C. N. H., Endocrinology, 32, 403 (1943), 

Koepf, G. F., Horn, H. W., Gemmill, C. L., and Thorn, G. W., Am. J. Physiol., 
133, P353 (1941). 


. Nelson, J. F., Australian J. Exp. Biol. and Med. Sc., 22, 131 (1944). Corkill, A. 


B., and Nelson, J. F., Med. J. Australéa, 1, 172 (1947). 




















OLEIC ACID AND RELATED COMPOUNDS AS GROWTH 
FACTORS FOR LACTIC ACID BACTERIA* 


By WILLIAM L. WILLIAMS, HARRY P. BROQUIST, anp 
ESMOND E. SNELL 


(From the Department of Biochemistry, College of Agriculture, 
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It is well known that under special conditions certain fatty acids mark- 
edly affect growth of lactic acid bacteria. In the microbiological assay of 
riboflavin and of pantothenic acid, marked stimulation of the assay 
organism, Lactobacillus caset, results from the presence of small amounts of 
lecithin or of fatty acids (1, 2) when these vitamins are present in sub- 
optimal amounts. At higher levels of the fatty substances, inhibition may 
result. The same effect of lipoidal materials is observed in the assay of 
pantothenic acid with Lactobacillus arabinosus (3). More recently it was 
observed that the presence of oleic acid (4), rice oil (4), or a fat-soluble 
substance of unknown nature obtained from blood (5) eliminates the 
requirement of Lactobacillus casei for biotin. Oleic acid also duplicates, in 
many respects, the growth-promoting action of acetate for a variety of 
lactic acid bacteria (6). 

In surveying the nutritive requirements of various lactic acid bacteria, 
a number of cultures were encountered for which oleic acid or related 
compounds are essential growth factors, even in the presence of both 
biotin and acetate. The present study deals with these organisms and 
extends the studies on lactic acid bacteria for which fatty acids can substi- 
tute for biotin. 


EXPERIMENTAL 


Organisms for Which Fatty Acids Are Essential 


Stock Cultures and Inocula—The cultures used were obtained from 
Professor W. B. Sarles, Department of Agricultural Bacteriology, Uni- 
versity of Wisconsin, and were tentatively designated as Lactobacillus 
acidophilus, Lactobacillus bulgaricus, Lactobacillus helveticus, and Strepto- 
coccus lactis. The cultures had been carried on litmus milk since isolation 
and this practice was continued. Biweekly transfers were made; following 

* Published with the approval of the Director of the Wisconsin Agricultural 


Experiment Station. Supported in part by grants from Merck and Company, Inc., 
and from the Schenley Research Institute. 
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transfer, cultures were incubated at 37° until coagulation and acid formation 
indicated good growth (24 to 48 hours), and were then held in the re. 
frigerator for the remainder of the 2 week period. 

Inoculum medium was prepared by supplementing each 5 cc. of the 
basal medium (described below) with 100 mg. of lactose, 1 mg. of cysteine, 
10 mg. of Tween 80 (a polyoxyethylene derivative of sorbitan mono. 
oleate), 4 cc. of whey (lactalbumin removed by heating to 100°), and 
sufficient water to make 10 cc. This was put into tubes in 10 cc. lots and 
sterilized by autoclaving. To prepare inoculum, a loop of the refrigerated 
litmus milk culture was transferred to 10 cc. of this inoculum medium, 
incubated 24 hours at 37°, the cells separated by centrifuging, and the 
supernatant medium replaced by an equal volume of sterile 0.9 per cent 
sodium chloride solution. 1 drop of this heavy suspension of cells was 
used to inoculate each tube. 

Basal Medium—The basal medium was that described by Roberts and 
Snell (7) with the content of inorganic salts arbitrarily lowered (0.1 ce. of 
Salts B' per 10 cc. of final medium was substituted for Salts C of the 
medium described). The double strength medium was prepared in lots 
of 1 liter each, stored at 4°, and used over a period not longer than 1 month. 
Immediately before use, each 5 cc. of this double strength medium was 
supplemented with 10 mg. of Difco yeast extract, 1 mg. of cysteine, and 
100 mg. of lactose. 

Procedure—The procedure is that commonly used in microbiological 
assay for vitamins or amino acids. The supplemented basal medium is 
dispensed in 5 cc. lots to a series of selected, rimless 18 K 150mm. Pyrex 
test-tubes. Aliquots of the test solutions are added and the volume in 
each tube adjusted to 10 cc. with distilled water. The tubes are plugged 
with cotton, autoclaved at 15 pounds pressure for 6 minutes, cooled, 
inoculated, and incubated at 37° for an appropriate period. Growth is 
estimated turbidimetrically directly in the culture tubes with an Evelyn 
photoelectric colorimeter equipped with an adapter for this size tube. 
Growth data for each experimental series were usually recorded at 24, 48, 
and 72 hours. In some cases the organisms failed to develop maximally 
in 24 hours, but growth was usually maximum at 48 hours. Readings at 
72 hours showed essentially no change. 

Results—Preliminary experiments showed that little or no growth of 
these organisms occurred in the basal medium unless lipoidal materials, 
such as commercial lecithin, were added. Oleic acid is known to be an 
essential growth factor for a few bacteria belonging to other genera (8), 
and was therefore suspected as the active material. At relatively low 


! Salts B contains 10 gm. of MgSO,-7H.O, 0.5 gm. of NaCl, 0.5 gm. of FeSO,-7H,0, 
0.5 gm. of MnSO,-4H.O, and water to make 250 cc. 
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levels, however, unsaturated fatty acids are known to be toxic to many 
lactic acid bacteria. The use of the Tweens (fatty acid esters of polyoxy- 
ethylene derivatives of sorbitan, sold by the Atlas Powder Company (9)), 
found by Dubos (10, 11) to supply fatty acids for some organisms in a 


TaBLe I 
Essential Nature of Oleic Acid or Related Substances for Growth of Certain Lactic 
Acid Bacteria* 


itil | 




















Additions to Lactobacillus Lactobacillus Lactobacillus Streptococcus 
basal medium acidophilus bulgaricus helveticus lactist 
None _ _ - -- 
Oleic acid + + + + 
(100 7) 
lecithin (500) +++ +++ | +++ +tt+ 
1) 
Tween 20f +++ (40 mg.) | +++ (3 mg.) | ++4 (40 mg.) + (10 mg.) 
“  40t (10 sis we és ai 
mg.) 
Tween 60 (10 = _ — | _ 
mg.) 
Tween 80t +++ (10mg.) +++ (0.3mg.)| +++ (1.0mg.)} +++ (40 mg.) 
“  §5t +++ 0.11 44++ ©.1/4+4++ ©.) + (1 mg.) 
mg.) mg.) mg.) 
Saponin (10) +++ + + + 
mg.) 
Tween 40 (10 +++ +++ +++ +++ 


mg.) + oleic 
acid (100 vy) 
Saponin 0 +++ aie +44 +4+ 
mg.) + oleic 
acid (100 4 





*— indicates no growth, + slight growth, and +++ heavy growth after 72 
hours incubation. The amount of test substance added to 10 ec. of medium to 
secure the indicated growth response is given in parentheses. 

+t Yeast extract was omitted from the medium with this organism. 

t The Tweens are polyoxyethylene derivatives of sorbitan esterified with fatty 
acids. The esterified fatty acids contained in each product (9) are the following: 
Tween 20, lauric acid; Tween 40, palmitic acid; Tween 60, stearic acid; Tweens 80 


and 8&5, oleic acid. 


convenient, water-soluble form, suggested itself. The results of explora- 
tory experiments on the utilization of oleic acid, lecithin, and various 
Tweens by the test organisms are shown in Table I. In the absence of a 
source of unsaturated fatty acids, none of the organisms grew. Oleic acid 
itself supported only slight growth at the level tested. Lecithin permitted 
heavy growth. Heavy growth was also supported by the oleic acid- 
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containing Tweens (Tween 80 and 85), and also by lauric acid-containing 
Tween 20. Results with Lactobacillus bulgaricus, cited below, show that 
lauric acid is inactive for this organism; so that the activity of Tween 29 
is perhaps due to contamination with utilizable fatty acids. Tweens 49 
and 60, containing palmitic and stearic acid, respectively, were inactive. 
That the growth-promoting substance is actually oleic acid is shown by the 
fact that this substance is highly active for all organisms when tested 
together with Tween 40, which by itself, is inactive. We attribute the 
low activity of oleic acid, when tested alone, to its toxicity. Its toxic 
properties are eliminated by the inactive Tween, and its true growth. 
promoting properties then become apparent. Saponin (Eastman, “‘practi- 
cal’) shows slight activity for some of the organisms and eliminates the 
toxic action of oleic acid for others. A similar detoxifying action of sapo- 
nins on oleic acid was noted by Hutner (12) with Erysipelothrix rhusio- 
pathiae for which oleic acid is likewise an essential growth factor. With 
the latter organism, saponin alone was ineffective in promoting growth; 
its slight activity for the organisms studied here may be due to contami- 
nation with unsaturated fatty acids. 

For more detailed study, Lactobacillus bulgaricus was selected. Williams 
and Fieger (4) have shown that the pH of the basal medium affects the 
efficiency with which oleic acid replaces biotin for Lactobacillus casei. 
Fig. 1 shows the effect of the initial pH of the medium on the response of 
Lactobacillus bulgaricus to oleic acid. The pH was measured in each case 
after the medium had been autoclaved. At pH 5.0, 5.6, and 7.0 the 
growth response to oleic acid was negligible; only the response obtained at 
pH 7.0 is shown in Fig. 1. At pH 6.0 to 6.5, oleic acid promotes growth at 
low levels, but at higher levels its toxic action completely obscures its 
growth-promoting effects. This toxic action becomes evident considerably 
before maximum growth of the organism is achieved. It is interesting to 
note that it would easily be possible completely to overlook the growth- 
promoting properties of oleic acid, an essential substance, simply by 
testing at a level slightly removed from optimal. 

The marked effect of Tween 40 (10 mg. per 10 cc.), itself inactive, in 
promoting utilization of oleic acid is shown in Fig. 2. Optimal utilization 
occurred in this case when the initial pH was 7.0; considerable utilization 
occurred also at pH 5.6, but not at 5.0. The presence of Tween 40, 
therefore, extends greatly the pH range over which oleic acid is utilized; 
within this range it renders excess oleic acid wholly non-toxic. 

In Fig. 3, the growth response to Tween 80 at various initial hydrogen 
ion concentrations is shown. Again utilization occurs between pH 5.6 
and 7.0, but not at 5.0. The activity of Tween 80 appears due chiefly to 
esterified oleic acid, since this product is 8 to 10 per cent as active for 
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Lactobacillus bulgaricus as is oleic acid when the latter is tested in the 
at presence of inactive Tween 40 (cf. Figs. 2 and 3). Davis and Dubos!(11) 


20 50 





60F- 


7Or / 


80F- 


90h 


GALVANOMETER READING 























ie) 20 40 60 80 100 
MICROGRAMS OF OLEIC ACID 
Fic. 1. The effect of initial pH of the medium on the response of Lactobacillus 


bulgaricus to oleic acid. 


he 30 














its 
ly 


h- 
by 


S 
GALVANOMETER READING 








4 
= ag ine, pt 5.0 

! l 1 
O 20 40 60 80 100 











MICROGRAMS OF OLEIC ACID 
en Fic. 2. The effect of Tween 40 and initial pH of the medium on the utilization of 
9.6 oleic acid by Lactobacillus bulgaricus. 
found an average of only 0.6 per cent of free oleic acid in several different 
lots of Tween 80. 
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The growth-promoting properties for Lactobacillus bulgaricus of a series 
of fatty acids were investigated. Capric, caprylic, lauric, myristic, and 
palmitic acids were inactive at levels from 0.1 to 1.0 mg. per 10 cc., both 
in the presence and absence of Tween 40. Linoleic acid was only slightly 
less active than oleic acid.2. The inactivity of lauric acid under these 
conditions indicates that the growth-promoting action of Tween 20 (Table 
I) is due to impurities. Products effective in replacing oleic acid had the 
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Fic. 3. The effect of initial pH of the medium on the utilization of Tween 80 by 
Lactobacillus bulgaricus. 


under comparable conditions: linoleic acid, 80; lecithin, 10; Tween 80, 10; 
saponin, 0.1. The activity of both lecithin and Tween 80 is explicable on 
the basis of their contents of unsaturated fatty acids. It is possible that 
the very low activity of saponin is also due to contaminating traces of these 
fatty acids. 

Organisms for Which Oleic Acid Is Essential Only in Absence of Biot 


Stock Cultures, Basal Media, and Inocula—Lactobacillus arabinosus 
17-5, Lactobacillus casei, Lactobacillus delbrueckii 3, Leuconostoc mesen- 
teroides P-60, and Streptococcus faecalis R were carried by monthly transfer 


in yeast dextrose agar. S. faecalis was incubated at 30°, other organisms 


2 We are indebted to Professor H. A. Schuette for samples of these pure fatty 


acids. 
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at 37°. The basal medium and technique used with S. faecalis were those 
described by Rabinowitz and Snell (13). The basal medium used with 


Tasie II 
Biotin-Fatty Acid Relationships for Lactic Acid Bacteria 









































| S. L. Pm L. &. 
| faecali arabdi: delbrueckii casei mesenteroides 
Addition to biotin- Galvanometer readings* 
deficient medium } 
| Tween | Tween Tween Tween Tween 
| 40, 10 | 40, 10 | 40, 10 40, 10 40, 10 
mg. per |mg. per | mg. per mg. per mg. per 
| 10 cc. | | 10 cc. | | 10 cc. | 10 cc. 10 cc. 
| my per | | | | 
| 10 ce. 
Biotin | 0.0/' 92, 92 | 79 | (97 | 84 | 78 
0.1) 85!) 88 | 68. 90 | | 68 | 63 
0.3 | 74] 72 | 55 | | 82 | 60 | 43 
1.0|55| 53 | 40) 61; =| 48 | 40 
10.0 | 39 | 39 | 31 | 28 | | 36 | 42 
oe | | 
10 cc. | | | | 
Tween 80 0.0 | 92 7 | 97 | 84 | 78 | 
0.1 | 91 | 80 | 94 | 78 | 74 
0.3 67 67 | 7 62 | 64 
1.0 | 50 | 49 | | 54 44 50 
10.0 | 40 39 31 | 35 | 43 | 
Tween 40 0.0 | 92 79 97 84 | | 78 | 
0.3 | 92 81 100 85 | 80 | 
1.0 | 97 76 100 | 81 | 79 | 
10.0 91 61 97 71 | 68 | 
¥ per | 
10 cc } | 
Oleic acid, initial 0} 92, 92 | 79) 61 | 97| 97 | 84) 71 | 78] 74 
pH 7.0 10/89 87 |89 55 | 90) 76 1100) 51 | 77) 49 
30.73) 59 78) 47 80) 45 (100) 34 | 65) 47 
100 | 63 | 48 | 62, 39 | 57} 2 | 99) 25 | 41] 49 


300 | 54 50 | 48; 41 | 41/ 28 | 98| 24 | 40| 47 


Oleic acid, initial | 0/92 92 79, 61 |97| 97 | 84| 71 | 78| 74 
pH 5.5 10/89) 76 | 92] 52 | 96| 56 | 91| 47 | 88| 54 
30/82 69 | 80) 41 | 82) 43 | 81| 36 | 77| 54 

| 100| 68| 69 | 57 32 |s2| 27 | s2| 27 | 54| 57 

300 | 67 66 | 37| 33 | 38| 25 | 87] 27 | 62) 57 





*24 hour readings for Streptococcus faecalis; all other readings after 48 hours 
incubation. The uninoculated medium was set at 100 per cent light transmission. 


the other organisms was essentially that of MacLeod and Snell (14), but 
with acid-hydrolyzed casein substituted for the enzymatic casein digest of 
the former medium. In both media, biotin was omitted, and the casein 
hydrolysate was treated with 10 per cent of activated charcoal (Darco 
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G-60) for 15 minutes at pH 3.0, filtered, and then treated a second time at 
pH 7.0. Cystine and pyridoxamine were added aseptically following the 
separate autoclaving of the medium (13). 

Inocula were grown for 24 to 48 hours in 10 cc. of the appropriate basal 
medium supplemented with biotin (0.01 y per 10 cc.). The cultures 
were centrifuged, the supernatant medium replaced with 10 cc. of sterile 
saline, and the organisms resuspended. 4 drops of this suspension were 


TaBLe III 


Response of Streptococcus faecalis to Biotin or Oleic Acid in Presence of Avidin 








Obsicacia | ,meswhine, | Golem | Bietin§«| RE nti | peodinen 5 es 
y per 10 cc. ce. per 10 cc. my per 10 cc. cc. per 10 c 
0 0 93 0.0 0 93 
10 0 91 0.1 0 SS 
30 0 76 1.0 0 53 
100 0 62 10.0 0 38 
30 0.00 76 0.0 2.00 100 
30 0.20 85 1.0 0.20 93 
30 0.40 S6 1.0 0.40 96 
30 0.75 87 1.0 0.75 100 
30 1.00 SS 1.0 1.00 100 
30 2.00 SS 1.0 2.00 100 
100 0.00 62 
100 0.20 66 
100 0.40 62 
100 0.75 63 
100 1.00 66 
100 2.00 63 
* Prepared by adding 5 cc. of fresh egg white aseptically to 95 cc. of sterile saline. 


transferred to a second 10 cc. of sterile saline, and 1 drop of this dilute 
suspension used to inoculate each tube. The assay procedure has been 
described earlier in this paper. 

Results—The effect of adding biotin, Tween 80, Tween 40, or oleic acid 
to the basal medium on growth of each of the test organisms, and some 
interrelationships between these factors, are shown in Table II. In the 
absence of biotin, 10 mg. of Tween 80 support essentially maximum growth 
of each of these organisms. Tween 40 has slight activity for some organ- 
isms, but is relatively inactive compared to Tween 80. For Streptococcus 
faecalis and Leuconostoc mesenteroides, oleic acid is more effective in re- 
placing biotin at an initial pH of 7.0 than it is at 5.5, but this relationship 
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js just the opposite for the three lactobacilli. With Lactobacillus casei, 
the very slight growth obtained at 48 hours is in accordance with obser- 
vations of Williams and Fieger (4) that maximum stimulation with oleic 
acid is obtained only after 96 to 120 hours of incubation. The effect of 
adding Tween 40 to tubes containing oleic acid is very marked. In all 
cases, the response to oleic acid is very significantly increased. The 
results with Lactobacillus casei are particularly marked. That Tween 40 
exerts its effects on utilization of the fatty acid, and does not merely cause 
more efficient utilization of traces of biotin, is shown by the fact that 
Tween 40 has no effect on utilization of small amounts of added biotin. 

The data of Table III demonstrate that oleic acid actually replaces 
biotin, rather than simply accentuating the action of small amounts of 
biotin in the medium. The titer of a crude egg white preparation used as a 
source of avidin was determined against 1 my of biotin. Levels of 0.75 cc. 
or greater of this dilute preparation completely prevent utilization of this 
amount of biotin in addition to the small amount of biotin present as a 
contaminant in the medium. Although increasing amounts of avidin 
significantly depress growth at a constant low level of oleic acid (30 +), 
this effect does not extend to higher levels of avidin. It is probable that 
this effect represents nothing more than elimination of the growth-pro- 
moting effect of the small amount of biotin present as a contaminant in the 
medium. With higher levels of oleic acid (100 y), the effect is even less 
marked. 

DISCUSSION 

Oleic acid is now known to be an essential growth factor for several 
organisms. Perhaps the first report of its essential nature for a micro- 
organism was that of Cohen, Snyder, and Mueller (15), who showed that 
it was essential for growth of certain strains of Corynebacterium diphtheriae 
from small inocula. Subsequently, it has been reported as essential for 
Clostridium tetani and Clostridium welchii (16), for Erysipelothrix rhusio- 
pathtae (12), and for an unidentified micrococcus (10). The present 
report demonstrates its essential nature for growth of several of the lactic 
acid bacteria in purified media. 

The toxic action of fatty acids, especially unsaturated fatty acids, for 
bacteria has likewise been widely noted (2, 10, 11, 17), and although the 
reasons for this toxicity are not clearly understood, it is generally agreed 
that toxicity is observed only with the unesterified acids. Kodicek (17) ob- 
served that the inhibitory effects of oleic, linoleic, and linolenic acids for 
Lactobacillus casei could be prevented by addition of a number of com- 
pounds, such as lecithin, cholesterol, calciferol, lumisterol, a-tocopherol, 
and, in some cases, even calcium. Saponin and sodium taurocholate were 
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ineffective. For Erysipelothrix rhusiopathiae, on the other hand, the 
toxicity of oleic acid was prevented by both saponin and bile salts (12), 
Dubos and coworker (10, 11) found the Tweens to be convenient, water- 
soluble forms of fatty acids for use in bacterial nutrition. They have 
shown that for some organisms the Tweens alone suffice to prevent toxicity 
of the fatty acids; for others, addition of materials such as serum albumin 
is necessary for this purpose. Under the conditions used, the Tweens 
alone perform this function for the lactic acid bacteria studied here. It 
seems likely that this fact could be applied to eliminate the interfering 
effects (1-3) which fatty substances, especially free fatty acids, have on 
microbiological assays for riboflavin and pantothenic acid in which these 
organisms are employed. At present, these effects are avoided by treat- 
ment of the samples before assay to eliminate fatty substances. The 
emulsifying and solubilizing effects of the Tweens for fat-soluble materials 
should greatly facilitate testing the effects of such substances on bacterial 
growth. 

Stokes et al. (18) have shown recently that when aspartic acid is elimi- 
nated from the medium the amount of biotin required for growth of several 
lactic acid bacteria is greatly increased. It seems likely from recent 
observations (19)* that the decreased requirement for biotin in the presence 
of aspartate results from participation of biotin in the fixation of CO, to 
pyruvate to yield oxalacetate, which can also arise from, or be converted to, 
aspartate. In the presence of a product whose formation it ordinarily 
catalyzes, the requirement for biotin is thus greatly decreased. Using 
media which contain ample aspartic acid, Williams and Fieger (4) have 
shown that oleic acid or rice oil eliminates or greatly reduces the require- 
ment for biotin. Data in the present paper extend this finding to several 
other lactic acid bacteria, and indicate that under these conditions an 
external source of biotin is unnecessary. By analogy with the relationship 
between biotin and aspartate, it seems probable that biotin is essential for 
synthesis of oleic acid. When both oleate and aspartate are supplied to 
these organisms, biotin appears unnecessary for growth. Systematic 
elimination of other components of the complex medium used might reveal 
other components in whose metabolism biotin is important. 

Trager (5) recently reported the preparation of a fraction, FSF, from 
blood plasma in the presence of which biotin was non-essential for Lacto- 
bacillus casei. In contrast to oleic acid, which was relatively ineffective 
in replacing biotin at an initial pH of 6.3 to 6.8, FSF was fully effective 
at this pH. From the present data it can be seen that oleic acid, too, is 
effective at this pH if tested in the presence of Tween 40. Like that of 
FSF, the activity of oleic acid is not nullified by excess avidin. These 


* Eakin, R. E., and Shive, W., private communication. 
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data would suggest that FSF contained combined oleie acid which was 
available to the test organism. However, FSF is reported (5) to appear 
in the non-saponifiable fraction of plasma, which would not be true of 
known combinations of oleic acid. 


SUMMARY 


Several cultures of lactic acid bacteria require oleic acid, linoleic acid, or 
a combined source of these materials for growth on a medium containing all 
of the previously recognized growth factors for these organisms. The 
even numbered, saturated fatty acids from C. to Cis are completely in- 
active. 

For the strain of Lactobacillus bulgaricus tested, oleic acid, though 
essential for growth, is so toxic that its growth-promoting action canbe 
observed only within a narrow range of concentrations and pH. Addition 
of certain water-soluble emulsifying agents and surface tension depressants, 
such as Tween 40, which are inactive by themselves, render oleic acid 
non-toxic, and greatly extend the pH range over which activity is observed. 
Tween 80, a water-soluble ester of oleic acid, is an excellent, non-toxic 
source of oleic acid for use in culture media for these organisms. 

Most of the lactic acid bacteria commonly used as assay organisms do not 
require oleic acid for growth on complete media. If biotin is omitted, 
however, oleic acid becomes essential for growth. The effectiveness of 
oleic acid in this respect is greatly enhanced by the simultaneous presence 
of Tween 40. Tween 80, in adequate amounts, has the same effect as 
Tween 40 plus oleic acid. The growth-promoting action of oleic acid 
under these conditions is not nullified by excess avidin, as is that of biotin. 
It is suggested that one function of biotin is to catalyze the synthesis of 
oleic acid; when the latter is supplied preformed in the complex medium 
used, biotin becomes non-essential. 


Addendum—Since submission of this paper, two “Letters to the Editors” bearing 
on this subject matter have appeared. The essential nature of oleic acid for cer- 
tain lactic acid bacteria has been discovered independently by Hutchings and 
Boggiano (20). Axelrod, Hofmann, and Daubert (21), in reporting that both oleic 
acid and a vaccenic acid fraction from beef tallow will replace biotin for Lactoba- 
cillus casei, mention that a neutral fraction from plasma which also has this action 
was found (in contrast to Trager’s FSF) to have its activity in the saponifiable 
portion. This gives added support to the hypothesis, suggested above, that the 
activity of such neutral plasma fractions is due to active fatty acids in combined 
form. 
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A STUDY ON TRANSMETHYLATION WITH METHIONINE 
CONTAINING VARYING AMOUNTS OF DEUTERIUM 
IN THE METHYL GROUP 


By SOFIA SIMMONDS, MILDRED COHN, ann VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, July 14, 1947) 


In the course of our investigation of the conversion of deuteriomethionine 
to choline and creatine in the rat, we decided to investigate the effect of 
the concentration of deuterium in the methionine fed upon the percentage 
of methyl] groups in choline and creatine which are derived from methionine. 
If a systematic study should reveal differences dependent upon the deu- 
terium content of the compound fed, the implications for the use of deu- 
terium as an indicator in studies of the rate of transmethylation in vivo 
would be far reaching. Accordingly, a series of experiments was under- 
taken in which methionine containing concentrations of approximately 
80, 40, and 10 atom per cent deuterium in the methyl group, respectively, 
was fed; after 6 days the choline and creatine were isolated from the tissues 
of the rats. The deuterium content of the methyl groups of the tissue 
compounds was then determined. The results showed that there was a 
constant ratio between the atom per cent of deuterium in the methyl group 
of the methionine administered and the atom per cent of deuterium in the 
methyl groups of the choline and creatine isolated. Thus, the concentra- 
tion of deuterium in the compound administered has no effect on the per- 
centage of methyl groups in choline or creatine which have been derived 
from the methyl group of methionine. 


EXPERIMENTAL 


In the experiments to be described, immature rats were fed diets con- 
taining 0.6 per cent methionine (Table I). However, the methionine fed 
had three different levels of deuterium concentration; i.e., 79.1, 39.6, and 
9.9 atom per cent deuterium in the methyl group respectively. The 
deuteriomethionine was prepared by the usual procedure (2). The food 
intake was carefully measured, and from this the amount of ingested 
methionine was calculated. 1 cc. of an aqueous vitamin solution was 
given daily to each rat and contained the following amounts of each 
vitamin in mg.: thiamine hydrochloride 0.04, riboflavin 0.04, nicotinic 
acid 0.04, pyridoxine hydrochloride 0.04, di-calcium pantothenate 0.20, 
choline-free ryzamin-B (3) 50.0, inositol 3.0, and p-aminobenzoic acid 1.0. 
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Taste [ 
Composition of Basal Diet 
per —<— 
Deuteriomethionine oat hehtccttha es 0.6 
Amino acid mixture* a ee a 21.3 
Salt mixturef. . ; a 4.0 
Corn oil and fat-soluble vitaminstf..... err renes 1.0 
Crisco 19.0 
Sucrose.... ae eae ia ee, Ee eee Te 54.1 











* Synthetic amino acid mixture devoid of sulfur amino acids (1). 
t Osborne, T. B., and Mendel, L., J. Biol. Chem., 37, 572 (1919). 
t Fat-soluble vitamins A, D, E, and K mixed with the corn oil in the amounts 


described previously (1). 


TaB_e II 


Platinum Analyses 


Choline chloroplatinate 


Rat No. a , noaamallll 

Pt calculated* Pt found 

per cent per cent 
1514 31.5 32.0 
1515 31.5 31.6 
1516 31.6 31.4 
1517 31.6 31.2 
1518 31.6 31.8 

1519 31.6 (N 4.5) 32.9 (N 4.5) 





* Calculated values, based on increased molecular weight due to deuterium in 


the molecule. 


Taste III 


Deuterium Analyses 


— 


Rat No. Choline chloroplatinate “reatinine K picrate 
aiom per cent aiom per cent 
1514 8.30 + 0.09 2.96 + 0.12 
1515 8.21 + 0.11 2.91 + 0.09 
1516 3.95 + 0.11 1.28 + 0.07 
1517 3.98 + 0.13 1.54 + 0.08 
1518 0.87 + 0.09 0.37 + 0.05 


1519 0.93 + 0.10 0.35 + 0.06 





It should be noted, as is indicated in Table IV, that one rat of each pair, 
namely Rats 1515, 1516, and 1519, developed hemorrhagic kidneys on this 
diet. Enlarged kidneys were observed in these three animals on the 6th 
day and all six rats were sacrificed immediately. Choline was isolated 
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from the tissues as choline chloroplatinate (Table II), and creatine 
as creatinine potassium picrate (2). The purity of the picrates was deter- 
mined colorimetrically by the Jaffe reaction. The deuterium contents of 
the isolated compounds are listed in Table ITI. 

It can be seen from the summarized data in Table IV that, in spite of 
the development of hemorrhagic kidneys in three rats, the percentage of 
methyl groups in the tissue compounds derived from methionine was 
approximately the same in all six animals. 


TaBLeE IV 


Controlled Feeding Experiments for 6 Days with Three Different Levels of 
Deuterium in Ingested Methionine 








| Per cent of methyl] 


| groups in tissue 











Deuterium : : 
. : | Amount Deuterium in methy!] group of | . 
hange in y : |CO! 7 ec 
Rat No and = bods alee of methio compound isolated ee a 
sex weight compound a “4 | ingested® 
a gested * 
SS ee 
Choline | Creatine Choline | Creatine 
gm. ae" gm. atom per cent atom per cent | 
M49 | 57-75 79.1 | 0.252 | 12.9 40.1 | 11.8405] 16.3 | 15.6 
I1ict | 60-74 79.1 0.210 12.8 +0.2 | 11.6240.4 / 16.2 | 14.7 
1516 9 Tf 59-63 39.6 0.180 6.1 +0.2 5.140.3 | 15.5 12.9 
1l1id 61-78 39.6 0.252 6.2 +0.2 6.2 + 0.3 15.6 15.6 
1518 § 62-72 9.9 0.198 1.35 + 0.14 1.5 + 0.2 | 13.7 14.9 
1519s t 62-70 9.9 0.192 1.45+0.16 1.4+0.2/ 14.6 14.1 
} 
* Amount of deuterium in methyl group of isolated compaund 
- _ xX 100. 








Amount of deuterium in methyl group of methionine ingested 
t Enlarged kidneys observed on the 6th day; kidneys found to be hemorrhagic 


at autopsy. 


SUMMARY 


The concentration of deuterium in the methyl group of methionine admin- 
istered to rats was varied from 10 to 80 atom per cent and was found to 
have no effect on the percentage of methyl groups of choline and creatine 
derived from methionine. Some of the animals developed hemorrhagic 
kidneys under the conditions of the experiment, but apparently this had 
no appreciable effect on the over-all rate of transmethylation. 
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THE VERATRINE ALKALOIDS 
XXVIII. FURTHER STUDIES WITH JERVINE 
By WALTER A. JACOBS anp CHARLES F, HUEBNER 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, July 16, 1947) 


Jervine and, in relatively smaller amount, veratramine, either as such or 
in the form of glycosides, are the principal bases which have been found in 
the alkaloid fraction of Veratrum viride and their further study has been of 
special interest. Previous work (1, 2) has shown their formulations to be 
respectively Co7Hsg0;N and Cy7H3,0.N and that they are secondary bases. 
In this respect and in a greater degree of unsaturation they present a 
variation of the usual category of veratrine alkaloids such as cevine, 
germine, and rubijervine which are tertiary bases. Recent work (3, 4) has 
shown that there is now no reason to believe that these tertiary bases possess 
other than the usual steroid structure demonstrated with the potato base, 
solanidine, by its dehydrogenation to Diels’ hydrocarbon. The same con- 
clusion should be possible in the case of jervine and veratramine. In 
veratramine, however, it is necessary to assume a rearranged angular 
methyl group to permit the benzenoid structure shown by its ultraviolet 
absorption spectrum and the three resistant double bonds indicated by the 
formulation. Although the formulation of jervine differs only by an O 
atom from that of veratramine, its absorption spectrum has presented a 
different picture, as is presented again in Fig. 1. In addition, the presence 
of at least two double bonds was shown by the earlier hydrogenation studies 
which led to a tetrahydrojervine (1, 5). At first, on the basis of an in- 
complete absorption curve (6), the double bonds were considered to be con- 
jugated, but the more recent curve suggests other interpretations, especially 
that of a At*-ketonic structure or of conjugated double bonds and an 
isolated CO group. The present report is on further work with jervine. 

The usual 3-hydroxy-A® structure has been indicated by the conversion 
of jervine with aluminum tert-butoxide and acetone to A‘-jervone. The 
same substance was obtained, in somewhat poorer yield although more 
readily purified, by heating with copper. This ketone was characterized by 
its oxime. A*‘-Jervone with aluminum isopropoxide was reduced in turn 
to A‘jervine. This substance was fractionally crystallized from what was 
undoubtedly a mixture of at least 3-a(OH) and 3-8(OH) epimers, but, be- 
cause of the solubility of the digitonides, the usual attempts at complete 
separation have been deferred. Of significance was the gradually de- 
veloping, rather deep purple color given by the substance with trichloro- 
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acetic acid, although not as strong as in the case of the allorubijervines or 
alloisorubijervines. In addition, the absorption spectrum of A*-jervine, as 
given in Fig. 2, shows that the isomerization has not too greatly affected the 
chromophorically active feature of the molecule and the retention of a 
Ae4-ketonic type of absorption. 

The absorption spectrum of A‘-jervone also has been compared with 
those obtained with A*-solanidone and with rubijervone, as shown in Fig. 3. 
A‘-Jervone remains, however, in general more strongly absorbing. 
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The previous hydrogenation of jervine in acetic acid solution occurs with 
the absorption of 2 moles of Hz and the direct formation of tetrahydro- 
jervine (1, 5). In more recent work the process has been carried out in 
stages. When performed in ethanol solution, the absorption occurs very 
slowly and requires a number of days for apparent completion. However, 
the hydrogenation did not go perceptibly beyond the 1 mole stage with 
the formation of dthydrojervine, ([a]2” = —83°). As with jervine itself, 
this derivative has yielded an N-acetyldihydrojervine and an N-acetyldi- 
hydrojervine acetate and all attempts to acylate beyond the latter stage were 
unsuccessful. 

When the hydrogenation was resumed with dihydrojervine in acetic acid, 
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an additional mole of Hz was absorbed, with the formation of the above 
tetrahydrojervine obtained in one operation from jervine. The rotation 
now found was [a]3® = —18°. Itis probable that the previously described, 
less soluble, so called isomer (m.p., 228-232°) was a small fraction of in- 
termediate dihydrojervine. The tetrahydro derivative yields an N-acetyl- 
letrahydrojervine. 

At this point the absorption spectra of these substances becamelJof 
interest. As is shown in Fig. 1, the curve obtained with dihydrojervine 
continued to show two peaks, the higher of which remained at 250 my, the 
lower one being considerably displaced to about 300 mu. This suggested 
the persistence of a conjugated or A« 6-ketonic structure, with the exception 
that the peak at 250 mu appears lower than is typical of these compounds. 
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The possibility was considered of a lack of homogeneity of the dihydro- 
jervine and of its contamination if not with unchanged jervine at least with 
material which absorbed in the shorter wave-lengths. To test this, dihydro- 
jervine was repeatedly recrystallized, followed by an attempt to fractionate 
it with Al,O;. An intermediate fraction recovered after such treatment, 
however, showed no appreciable change in the absorption, as shown in 
Fig. 1. In addition, the same result was obtained with samples from dif- 
ferent hydrogenation experiments. There appears, therefore, no reason to 
doubt that this curve is produced by dihydrojervine itself. 

The curve in Fig. 4, obtained with tetrahydrojervine, shows the retention 
of the peak at about 310 mu, the position and intensity of which suggest 
carbonyl group absorption. All attempts, however, to obtain an oxime 
with any of these substances have been unsuccessful and jervine was re- 
covered unchanged on attempted reaction with aluminum isopropoxide. 
Although we were hindered in this respect, additional evidence of the 











i -_ bite a O66 Ue 


ri-_ - © 














W. A. JACOBS AND C. F. HUEBNER 639 


presence of a CO group was afforded by reduction with sodium in butanol. 
Aso called tetrahydrojervine obtained in this way from jervine has already 
been described (1). The further study of the substance ({a]??7 = —107°) 
has confirmed the formulation C27HyO;N but indicates that its produc- 
tion must involve reduction of the CO group and a double bond. The curve 
in Fig. 4 shows the disappearance of the characteristic bands of jervine. 
This substance is therefore to be interpreted as a-dihydrojervinol and the 
reason for the prefix will appear later. It yielded on acylation an N-acetyl- 
a-dihydrojervinol. 

The result with jervine was confirmed by the reduction of tetrahydro- 
jervine with sodium. The absorption curve obtained with the resulting 
tetrahydrojervinol is shown in Fig. 4. 

In the formation of a-dihydrojervinol from jervine it appears probable 
that the A’ double bond was the one reduced, in analogy with previous 
experience with the A® bases such as solanidine, rubijervine, and others 
of the group. In support of this the reduction of dihydrojervine with 
sodium has been found to involve now only the CO group, with the pro- 
duction of a substance ([a]22 = —4°) isomeric with the above a-dihydro- 
jervinol. This has therefore been called 8-dihydrojervinol. The latter on 
hydrogenation in acetic acid absorbs only 1 mole of Hz , with the formation 
of the above tetrahydrojervinol. Although a-dihydrojervinol, as was to be 
expected, did not absorb H, in ethanol solution, it could be hydrogenated 
further in acetic acid but the resulting material could not be crystallized. 

The retention of a A**-ketonic type of absorption in the absorption 
curve of A‘-jervine, while somewhat modified in that of dihydrojervine, 
suggests that this must involve the more resistant double bond of jervine. 

If in jervine itself the conjugation originally involves also the assumed 
A’ bond, then in the transformations to A*-jervine and dihydrojervine the 
resistant double bond would have to shift to become conjugated with the 
CO group in these substances. The exact positions of the CO group or the 
less reactive double bond are therefore still uncertain. 

The isomerization of jervine to isojervine has already been described (7) 
and an attempt has since been made to interpret the change. Although 
veratramine superficially differs from jervine by only 1 O atom, it proved 
to be stable to acid. It also differs by its benzenoid type of absorption 
spectrum and behavior on hydrogenation (2). It appeared possible that in 
isojervine a similar aromatization could have occurred, since the formula- 
tion C2;H3g0;N would permit of three double bonds as well as a CO group 
and another ring or double bond. Isojervine has proved resistant to all 
attempts to hydrogenate it in ethanol solution. When this was attempted 
in acetic acid, isojervine was largely recovered unchanged, although a trace 
was obtained of the product C2;H,,O.N described below. The absorption 
spectrum curve of isojervine is given in Fig. 1. This shows a considerable 
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modification of the original jervine curve. However, the persistence of g 
somewhat lowered peak at 250 my is apparent, although the absorption 
continues to increase beyond this. An accentuation and displacement 
towards the short end of the assumed carbony] absorption is also apparent, 
This suggests that the formation of this substance involves a possible 
aromatization if not simple conjugation of the three double bonds as wel] 
as retention of the CO group. An additional suggestion for this can be 
seen in the similarity of the curve of isojervine with that of a composite 
curve of jervine and veratramine. 
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Fig. 5. O = dihydroisojervinol; @ = hexahydrodesoxyisojervinol; in ethanol 





Other differences from jervine have been noted in the behavior of iso- 
jervine. Although very stable to acid, isojervine is rapidly changed in 
alkaline solution. In alcoholic alkali it quickly develops a deep red color 
and, after short boiling, only a fraction could be recovered. On acetyla- 
tion, at first N-acetylisojervine was obtained but the acylation then goes 
beyond what was found with jervine (5, 1) and readily yields the triacetyl 
derivative, N-acetylisojervine diacetate. On reduction in butanol with 
sodium a small yield of a substance resulted, which from the analysis could 
be interpreted as dihydroisojervinol, C2:7Hy03N ({a]3? = +84°), isomeric 
with the above a-dihydrojervinol. The hydrochloride was also obtained. 
The absorption spectrum curve shown in Fig. 5 no longer resembles that of 
isojervine. Although resistant to hydrogenation under the above condi- 
tions, isojervine gradually absorbed H; in ethanol solution in the presence 
of excess HCl. The process required a number of days and some un- 
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changed material was recovered. However, the main crystalline product 
resulted from the absorption of 3 or 4 moles of He, and the loss of 1 O atom. 
The uneventful end-absorption (Fig. 5) indicates reduction of the CO group 
and of double bonds. From the analytical data alone, the formulation is not 
certain. The substance is either a hexahydrodesoryisojervine, C27HssOQ.N, 
or an octahydrodesoxyisojervine, C27HywO.N. The O atom lost is presuma- 
bly either that of the CO group or the original (OH) group on carbon 
atom 3. The study of the substance will be continued. 

A further attempt has been made to characterize the O atoms of jervine 
and isojervine by active H determinations. As previously shown, the 
presence of 2 active hydrogen atoms first reported with jervine (5) was 
determined at ordinary temperatures, but at 95° the result could be raised 
to4 atoms (1). In view of the more recent work it now appears doubtful 
that the increased reaction at 95° is due to hindered OH groups. Asimilar 
difficulty has been encountered in the determinations with a number of 
jervine derivatives and has interfered with the use of the method in the 
study of these substances. It is, however, definite that the 2 active hy- 
drogen atoms shown with jervine are due to the NH group and the (OH) 
group of carbon 3. Another O atom occurs in the CO group and the 3rd 
appears now to be of oxidic character. 

In view of the presence of the two double bonds and secondary basic 
pentacyclic character, such data agree with the derived formulation, 
Cy;H3gO;N, of jervine. It appears that on isomerization to isojervine the 
oxidic structure is opened, with the formation of a new OH group and a 
double bond. Toexplain such a rearrangement in acid solution, there is sug- 
gested for jervine an analogy with the spiroketal structure of the steroid 
sapogenins or isosapogenins (Formula I). This is presented in Formula 
II. However, whether such a structure could rearrange with acid and so 
yield the data obtained with isojervine is not certain. The first product 
of the action of acid could be as shown in Formula III. 

If the latter does not open to form an w-amino ketone, it could rearrange 
to form the hydroxymethylethylpiperidine base, as is shown in Formula IV, 
and the OH on C* could also be removed, with the production of a double 
bond initially as A’*"* before its shift for aromatization or conjugation. A 
similar situation would arise if the oxidie linkage joined C“ with C™ and 
perhaps more readily still if between C and C* (Formulas V and VI). 

In a previous paper (6) a phenolic base, CsH,,ON, interpreted as a 
possible 2-ethyl-5-methyl-3-hydroxypyridine, was reported as a dehydro- 
genation product of jervine. The formation of such a substance definitely 
requires the presence of an O atom on the basic side chain of the molecule. 
Another possible structure is presented in Formula VII in which an oxidic 
linkage joins the 2 steroid C atoms C and C*. But an objection to this 
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interpretation is the expected resistance of such an oxidic strueture to 
cleavage with acid. 

As previously mentioned, the positions of the CO group and less reactive 
double bond remain uncertain. If jervine itself is not a A*°-ketone but in 
it the two double bonds are conjugated as A® and A’, as shown in Formula 
VIII, with the CO group at C", a shift of the A’ to A* could occur during the 
hydrogenation to dihydrojervine (Formula IX). A similar situation could 
occur if the CO group is at C”, as in Formula IT. 


0 “4 
0 
Pe per 
II Ill 
OH 
be jeer a 
lv v 


VI 


fe) 0. 
0 
H H 
VII 


Vil ™X 





Another aspect of the general problem concerns pseudojervine. The 
latter has been shown to be a glucoside which, however, yields isojervine on 
hydrolysis (7). Since jervine is isomerized to the latter with acid, it is 
probable that pseudojervine is a jervine glucoside and isojervine an artifact. 
This has now been shown by its hydrogenation before hydrolysis. Con- 
trary to isojervine, which resists hydrogenation, pseudojervine could be 
hydrogenated in ethanol as the soluble acetic acid salt with the slow ab- 
sorption of 1 mole of Hz as in the case of jervine itself. The resulting 
substance on hydrolysis yielded a base which appeared superficially in- 
distinguishable from dihydrojervine. However, as is shown in Fig. 6, the 
absorption curve in the short wave region differs somewhat from that of 
dihydrojervine. The possibility that some isomerization under the 
influence of the acid has occurred was suggested by the fact that dihydro- 
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jervine itself when treated with HCl also yields material, the absorption 
curve of which approaches that of the hydrolysis product. 

A comparison of the N-acetyldihydrojervine acetates obtained from 
both sources has shown a somewhat similar divergence of the curves (Fig. 
6). It appears that a progressive change occurs under the influence of 
HCl and that in the experiments made this transformation probably has 
not proceeded to completion. The conclusion, however, can be drawn 
that pseudojervine is a glucoside of jervine. 
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Fic. 6. O = dihydrojervine after treatment with acid; @ = dihydrojervine from 
hydrolysis of dihydropseudojervine; + = N-acetyldihydrojervine acetate; X = 
N-acetyldibydrojervine from acid-treated dihydrojervine; all in ethanol. 















































EXPERIMENTAL 


A‘.Jervone—6 gm. of jervine were repeatedly boiled down with benzene 
to remove the H.O of crystallization and the residue was treated with 14 
gm. of aluminum tert-butoxide, 200 cc. of benzene, and 100 cc. of acetone. 
The mixture was refluxed for 23 hours, then decomposed with excess dilute 
NaOH, and extracted with chloroform. The washed and dried extract 
was concentrated finally in vacuo to dryness. It was found better at this 
stage to remove unchanged jervine as the more sparingly soluble HCI salt. 
The residue was therefore treated with 50 cc. of absolute ethanol and the 
suspension of crystals carefully treated with HCl (1.19 sp. gr.) in excess. 
The thick paste of the salt was collected and washed with small portions of 
absolute ethanol. The filtrate, after addition of excess ammonia and 
careful dilution, gradually crystallized. After collection with 50 per cent 
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ethanol, 3.06 gm. of the product were obtained. The mother liquor op 
dilution yielded an additional 0.55 gm. It was recrystallized by solution 
in chloroform with partial concentration and addition of ethanol or directly 
from ethanol, which required a larger volume. It separated as clusters of 
short, narrow, blunt ended micro platelets or rods which contained solvent, 
After preliminary softening it melted at 193-194° (uncorrected). 


72 5 - . - 
lalp = +28.3° (c = 0.95 for dry substance in 95% ethanol) 


Difficulty was experienced with the analysis of different samples, possibly 
caused by retention of solvent, even when dried at 120° and 0.2 mm. 
Co;H;;0;N. Caleulated. C 76.54, H 8.81 


Found. (a ‘* 76.20. “ 9.11 
(b) ‘** 76.01, ** 8.94 


A gradual change during the recrystallization from an original [a]* = 
+16° to the above rotation indicated removal of a small amount of jervine. 

A mixture of 1 gm. of jervine and 4 gm. of copper powder was gradually 
heated in a bath to 200° and then during 30 minutes to 290°. After suffi- 
cient cooling the mixture was then slowly sublimed at 0.1 mm., during which 
the temperature was finally raised to 260°. 0.75 gm. of sublimate was ob- 
tained which crystallized readily from 95 per cent ethanol on seeding with 
the above substance. 0.34 gm. resulted, which after recrystallization 
melted at 191-192° (uncorrected) after preliminary softening. A mixture 
from both sources showed no depression. 

al; = +30° (ec = 1.02 of dry substance in 95°, ethanol 
Found. C 76.07, H 8.80 


The spectrum of this substance is shown in Fig. 3. 

The oxime was prepared from a solution of the base in sufficient dilute 
acetic acid with a mixture of hydroxylamine hydrochloride and sodium 
acetate. After addition of methanol and heating, it rapidly crystallized. 
The mixture was then made alkaline and extracted with chloroform. The 
latter yielded material which crystallized from ethanol as sparingly soluble 
prisms melting at 287-289°. 

Cy;H»O.N:. Calculated, C 73.92, H 8.74; found, C 74.00, H 8.97 


A‘-Jervine—0.42 gm. of A‘-jervone in benzene was concentrated to dry- 
ness in vacuo to remove any solvent of crystallization and then treated with 
aluminum isopropoxide made from 0.25 gm. of Al in about 30 cc. of iso- 


propanol. The mixture was very slowly distilled at the rate of about a 


drop a minute, with occasional replacement of isopropanol until no further 
test for acetone with nitroprusside was obtained. After about 4 hours, 
the concentration was continued to small bulk. The mixture was treated 
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with excess dilute NaOH and extracted with chloroform. The latter, 
after washing and drying, was concentrated and the solvent replaced by 
ethanol. The concentrated solution on careful dilution gradually crys- 
tallized on standing and was collected the next day with 50 per cent etha- 
nol. 0.2 gm. was obtained. The mother liquor on further careful dilution 
yielded an additional 75 mg. 

The first crop was recrystallized by solution in ethanol and concentration 
to about 2.5 cc. and then carefully treated with an equal volume of H,O. 
On seeding, it gradually separated as aggregates of needles or pointed 
blades and was collected with 50 per cent ethanol. It sintered at about 
185° and gradually melted at 203-207° but not completely below 211°. 

The substance contained solvent and was dried at 110° and 0.2 mm. 


C.;H;,0;N-H.O. Calculated, H,O 4.06; found, H.O 3.70 
CorHssO;N. Calculated. C 76.18, H 9.24 
Found. (a) ‘* 75.77, ‘* 9.23 
(b) “ 75.84, * 9.59 


Since the substance could be a mixture possibly of 3-a and 3-8 epimers 
and did not yield a sparingly soluble digitonide, no attempt at further 
separation was made. When 1 mg. of the substance was treated with 3 
small drops of 90 per cent trichloroacetic acid, it gradually developed a 
somewhat dirty but deep red purple color. This persisted but varied 
somewhat with different fractions and was not as intense as that given by 
epiallorubijervine. The ultraviolet absorption curve is shown in Fig. 2. 
Curves obtained with several different fractions and preparations were 
almost indistinguishable. 

Dihydrojervine—A suspension of 10.5 gm. of jervine in absolute ethanol 
was hydrogenated at first with 0.2 gm. of platinum oxide catalyst. The 
absorption of H, proceeded gradually and since, after 2 days, only a fraction 
of a mole had been absorbed, an additional 0.2 gm. of catalyst was added. 
After about 5 days in all, absorption had practically stopped, with a total 
for the substance of about 1 mole. The catalyst, which remained colloidal, 
was coagulated by addition of acetic acid, followed by final clearing with 
norit. The filtrate, after concentration and dilution, was made alkaline 
and extracted with chloroform. This extract in turn was concentrated 
to dryness and the residue, on treatment with methanol, crystallized. 
Two successive fractions were obtained of indistinguishable character and 
amounted to 8.7 gm. Additional fractions were not investigated further. 

From methanol it crystallized as flat, largely four-sided prisms which 
contained solvent. On rapid heating, it sintered above 145°, melted with 
loss of solvent at about 160°, quickly resolidified, and again melted at 
250-251° (uncorrected). From dilute ethanol it similarly crystallized with 
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solvent and, after preliminary sintering above 135-140°, remained crys. 
talline to about 235°. From acetone it separated solvent-free as platelets 
and flat needles which melted at 248-251°. 
lal? = —§2° (c = 0.98 of dried substance in 95° ethanol 
Cy7HyO;N. Calculated. C 75.82, H 9.67 


Found. (a) ‘* 75.58, ‘* 9.72 
(6) ** 75.79, ** 9.46 


Because of the character of the ultraviolet absorption spectrum a further 
attempt at possible purification was made. Following two recrystalliza- 
tions from methanol and a third from acetone, the melting point was 
unchanged. About 0.18 gm. was dissolved in 20 ce. of benzene and 
chromatographed through a 1.5 XK 12 cm. column of Al,O,. Since 100 ce, 
of benzene failed to elute any substance, this was followed by 2 per cent 
methanol in benzene. After an initial 40 ec., four succeeding fractions 
were obtained, a first fraction of 10 ec. which contained roughly 10 mg,, 
a second of 5 cc. with 80 mg., a third of 5 cc. with 62 mg., and a fourth 
of 10 ec. which removed the remainder. The third fraction was recrys- 
tallized from benzene and dried at 100° for 12 hours for the absorption 
spectrum shown in Fig. 1. This is indistinguishable from the curve ob- 
tained before fractionation. 

The dried material from benzene under the microscope after preliminary 
enlargement of crystals melted sharply at 268-269°. However, when this 
sample was recrystallized from acetone, it melted at 248—252°, as in previous 
cases. 


Found. C 75.89, H 9.68 


Hydrolysis of Dihydropseudojervine—0.3 gm. of pseudojervine in 3 to 4 
ec. of 95 per cent ethanol and 0.1 cc. of acetic acid were hydrogenated with 
50 mg. of platinum oxide catalyst. As in the case of jervine itself, the 
hydrogenation proceeded very gradually and after about 3 days was 
practically completed. The absorption in excess of catalyst requirements 
was 11 cc. or about 1 mole. The catalyst was largely colloidal and was 
removed with norit after faint acidification with HCl. The filtrate was 
concentrated in vacuo to remove alcohol, during which crystallization of 
the salt of the hydrogenated glycosidal base occurred. The mixture was 
directly treated with 60 cc. of 2 per cent aqueous HC! and refluxed for 1 
hour. The HC! salt of the base crystallized and was collected with dilute 
HCl. A solution of the salt in hot ethanol was concentrated to a few cc., 
diluted, and treated with ammonia. The base separated as a crystalline 
powder and 96 mg. were collected with dilute ethanol. On recrystallization 
from 50 per cent ethanol, the material separated as long narrow micro 
platelets or needles which contained solvent. After preliminary melting 
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at about 135-140°, the substance crystallized again and then melted at 
946-249°. From acetone it separated solvent-free and melted sharply 
at 251-252°. When mixed with dihydrojervine, the melting point was 
not changed. 


la]; = —83° (c = 0.99 of dried substance in 95% ethanol) 
C.7HyO,N. Calculated, C 75.82, H 9.67; found, C 75.55, H 9.57 


The absorption spectrum is shown in Fig. 6. 

For comparison with this material, 0.1 gm. of dihydrojervine was heated 
in 4 cc. of 3.85 per cent HCl in methanol at 100° for 23 hours. Because of 
the suspension of crystals which remained throughout the heating, the 
mixture was occasionally shaken. The collected crystals weighed 60 mg. 
An additional 26 mg. were obtained from the mother liquor with ether. 
The base was recovered from both fractions in 50 per cent ethanol with 
ammonia. After preliminary sintering with solvent loss, it melted at 


244-249°. 


Found. (a) C 75.83, H 9.58; (b) C 75.70, H 9.67 
la]> = —83° (c = 0.89 of dried substance in 95% ethanol) 


The absorption spectrum of this substance is shown in Fig. 6. 

N-Acetyldihydrojervine—0.3 gm. of dihydrojervine dissolved readily on 
heating in a few cc. of acetic anhydride. After boiling a few minutes, the 
reagent was removed in vacuo. The residue was dissolved in ethanol, 
treated with excess dilute NaOH, and boiled a short time for saponification. 
On dilution it crystallized. The mixture was extracted with chloroform 
and the extract washed with dilute acid and water. After concentrating, 
the residue crystallized readily from 95 per cent ethanol and yielded 0.27 
gm. It formed almost square ended or hexagonal platelets which con- 
tained solvent. It melted at 157-159° and then crystallized on further 
heating and again melted at 256-259° (uncorrected). 

For analysis it was dried at 100° and 0.2 mm. 


CrsHO.N. Calculated, C 74.14, H 9.23; found, C 74.45, H 9.23 


N-Acetyldihydrojervine Acetate—Dihydrojervine was refluxed for 3 hours 
in acetic anhydride. The product separated from dilute ethanol as broad 
leaflets or clusters of narrow leaflets or flat needles. After recrystallization 
it melted at 210-212°. 


CuHyON. Calculated, C 72.75, H 8.87; found, C 73.00, H 8.72 


A substance indistinguishable in form from the above resulted by 
acetylation of the previously described material recovered from the action 
of HCl in methanol on dihydrojervine. After recrystallization from 
dilute ethanol it melted largely at 214-216° but crystals persisted till 222°, 
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although this is slightly higher than the above melting point. No depres. 
sion was noted with a mixture of the two substances. 


Found. C 72.90, H 8.77 


The ultraviolet absorption spectra of the two substances are recorded in 
Fig. 6 which shows an increasing difference towards the short end. 

Tetrahydrojervine—2.2 gm. of dihydrojervine were hydrogenated in acetic 
acid with 0.1 gm. of platinum oxide catalyst. The absorption was gradual 
but was completed within 18 hours, during which the catalyst had co- 
agulated. The filtrate was concentrated, diluted with water, and then 
made alkaline and extracted with chloroform. After concentration of the 
extract the chloroform was finally replaced with acetone. The product 
separated as small almost rectangular platelets or flat prisms. 

For recrystallization its solution in methanol was concentrated and after 
addition of acetone again concentrated to remove methanol. It then 
melted at 216-221° after preliminary sintering above 213°. 


lal> = —18° (c = 0.95 in 95% ethanol) 
C.7HgOiN. Calculated. Cc 75.46, H 10.10 
Found. (a) ‘* 75.68, “* 9.94 
(6) ** 25.2, ** 9.98 


The previously described tetrahydrojervine, m.p. (uncorrected) 210-212°, 
which was prepared by a one-step hydrogenation process has since been 
found to show [a]28 = —23° (c = 1.08 in 95 per cent ethanol). 

When this substance was treated at room temperature with methanol 
saturated with HC! at 0° or refluxed for 19 hours in 100 parts of 2 per cent 
HCl in 50 per cent ethanol, it was recovered practically unchanged. The 
spectra of these two substances are shown in Fig. 4. 

N-Acetyltetrahydrojervine—Tetrahydrojervine was dissolved in warm ace- 
tic anhydride and the excess reagent was removed in vacuo. The res- 
idue was boiled a few minutes in methanol and dilute NaOH to saponify 
any possible ester. After dilution the product was extracted with chloro- 
form which was washed in turn with dilute H.SO, and water and dried. 
Upon removal of solvent the neutral product crystallized slowly from 
dilute ethanol as flat needles which melted at 266-269°. 


C23HyO.N. Calculated, C 73.83, H 9.62; found, C 74.03, H 9.42 


a-Dihydrojervinol—The reduction of jervine with sodium in butanol was 
repeated as previously reported, but the product was extracted with chloro- 
form. The yield was roughly one-half the theoretical. When reduction in 
ethanol was attempted, a large fraction of jervine was recovered. For 
recrystallization the concentrated solution in methanol was treated with 
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acetone. It separated solvent-free and melted at 223-225° but the melting 
point depended on the heating rate. 


lal> = —107° (c = 0.91 in 95% ethanol 
C27HyO3N. Calculated, C 75.46, H 10.10; found, C 75.55, H 10.03 


The ultraviolet absorption spectrum of this substance is shown in Fig. 4. 

N-Acetyl-a-dihydrojervinol—After short boiling of the base with acetic 
anhydride, followed by removal of excess reagent and by heating of the 
residue with dilute alcoholic alkali for saponification, the neutral material 
was extracted with chloroform. The substance separated from dilute 
ethanol as short, flat, square ended needles or rods which melted at 150- 
151° after slight preliminary sintering. 

CogHy:O,.N. Calculated, C 73.83, H 9.62; found, C 73.76, H 9.65 


8-Dihydrojervinol—1.25 gm. of dihydrojervine were reduced in 125 cc. of 
butanol with 7 gm. of sodium. The chloroform extract of the diluted re- 
action mixture after concentration yielded a residue which crystallized 
from acetone. The yield was 0.88 gm. It is rather sparingly soluble in 
methanol from which it separated as small prisms or platelets melting at 
286-289° after slight preliminary sintering. 

lalp = —4° (ec = 1.07 in 97% ethanol) 
Co;H,,O;N. Caleulated, C 75.46, H 10.10; found, C 75.12, H 9.97 


Tetrahydrojervinol—Tetrahydrojervine was reduced in butanol with 
sodium and the reaction product was extracted from the diluted mixture 
with chloroform. The substance crystallized from acetone as a powder of 
micro prisms or hexagonal platelets which melted at 293-296° after pre- 
liminary sintering. 

lal = +48.5° (c = 1.05 in 95% ethanol) 
C.7H,,0O,N. Calculated, C 75.11, H 10.51; found, C 75.06, H 10.46 


0.1 gm. of 8-dihydrojervinol was hydrogenated in acetic acid with 50 mg. 
of catalyst. The catalyst gradually coagulated after the absorption of 
about 1 mole of H». 77 mg. of product were obtained, indistinguishable in 
properties from the above substance. It melted at 294-296° after pre- 


liminary sintering. 


lal? = +48.5° (c = 1.09 in 95% ethanol) 
Found. C 74.85, H 10.37 


The ultraviolet absorption spectrum is shown in Fig. 4. 

N-Acetylisojervine—0.2 gm. of isojervine (from acetone) was dissolved in 
a little ethanol and dried in vacuo to remove all solvent. On treatment 
with 2 ce. of acetic anhydride and gentle warming, but not above 50°, 
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it gradually dissolved within 5 minutes. After decomposition with water 
the resinous mass crystallized on standing. The collected material when 
recrystallized from diluted ethanol formed delicate needles which melted 
at 202-203° after slight preliminary softening. 

CoHwO.N. Calculated, C 74.47, H 8.84; found, C 74.28, H 8.85 


Triacetylisojervine—W hen isojervine was boiled in excess acetic anhydride 
for 1 hour, the reaction product, recovered as in the previous case, crys- 
tallized from dilute ethanol as micro platelets or rods which melted at 
192-193°. 

The same substance resulted after boiling with the reagent for 8 hours, 

C3;3HyOsN. Calculated. C 71.82, H 8.23 


Found. (a) “ 71.83, “ 8.26 
(b) “71.80, “ 8.16 


Dihydroisojervinol—0.3 gm. of isojervine was concentrated in vacuo in 
dry butanol to remove acetone of crystallization and the residue, after 
solution in 20 cc. of butanol, was reduced at the boiling point with 1 gm. of 
sodium. The first contact of the latter developed at once a deep red color 
which rapidly decolorized. The cooled mixture was diluted and extracted 
with benzene. The washed and dried extract yielded on concentration a 
resin which did not crystallize directly. It was treated in methanol solu- 
tion with sufficient HCl and, on addition of ether, the HC! salt crystallized. 
The peroxides in the ether caused the mother liquor to deepen in color to a 
brown-orange. 58 mg. of the salt were collected with methanol-ether. 
After solution in methanol and concentration to 1 cc., it separated as micro 
platelets or flat needles which sintered above 270° and lost all crystalline 
form at 315-320°. 

C27HwO;N*eHCl. Calculated. C 69.56, H 9.52 
Found. (a) ‘* 69.31, ‘* 9.45 
(b) * 69.68, “* 9.62 

The base liberated from the salt crystallized from dilute ethanol as 
leaflets which contained H,O of crystallization. Under the microscope 
the substance loses its double refraction at 127—130° and is melted at 
135-140°. For analysis it was dried at 110° and 0.2 mm. 


Cs;H,yO;N-H.O. Calculated, HO 4.02; found, H.O 3.90 
C2;H,,O;N. Calculated, C 75.46, H 10.10; found, C 75.20, H 9.90 


, 32 o . - 
lalh = +84° (c = 0.64 of dry substance in 95° ethanol 


For the absorption spectrum see Fig. 5. 

Hexahydrodesoxyisojervine—After unsuccessful attempts to hydrogenate 
isojervine dissolved in ethanol or acetic acid, the following conditions in 
the presence of HCl] were used. 
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0.2 gm. was concentrated in ethanol to about 5 cc. to remove acetone of 
crystallization and then treated with 0.2 cc. of HCl (1.19 sp. gr.) and hy- 
drogenated with 50 mg. of platinum oxide catalyst. The absorption pro- 
ceeded gradually beyond the catalyst requirements but continued for about 
3to4days. The filtrate with washings from catalyst was treated with ex- 
cess ammonia and concentrated. On careful dilution it crystallized. More 
ammonia was added and the material was extracted with chloroform. The 
latter on concentration did not yield isojervine on seeding. The chloro- 
form was then replaced by ethanol and the solution on careful dilution with 
H,O yielded micro prisms which were collected with 85 per cent ethanol. 
The yield was 58 mg. Further dilution yielded an additional 20 mg. 

In a larger run with 4 gm. of isojervine in ethanol with 4 cc. of HCl and 
0.2 gm. of catalyst, an additional 0.2 gm. of catalyst and 4 cc. of HCl were 
added after 24 hours. Absorption of H, in this case proceeded for about 5 
days, during which the apparent absorption by the substance approximated 
3 to4 moles. However, after extraction of the base with chloroform the 
extract yielded 1.0 gm. of unchanged base, which separated with solvent. 
The filtrate, after removal of chloroform with ethanol and slight dilution, 
yielded 1.12 gm. 

The substance separates as aggregates of micro prisms which contain 
solvent and melt at 163-165° after preliminary sintering. From acetone it 
also separates with solvent. The melting point was occasionally affected 
by the conditions of crystallization; the substance only partly melted or 
softened at 165° and then melted at 218-220°. For the solvent-free sub- 
stance [a]2° = +26° (c = 0.73 in 95 per cent ethanol). For analysis it 
was dried at 110° and 0.2 mm. 


Co;Hy;O.N. Calculated. C 77.63, H 11.35 
Cs:HyOwN, “ “ 78.01, “ 10.92 
Found. (a) ‘ 77.56, ‘‘ 10.97 

(b) ¢ 71... Bee 


The absorption spectrum curve is shown in Fig. 5. 


SUMMARY 


Jervine, the secondary veratrine base of formula C27H3s0;N, has been 
found to behave in its transformations as a 3-hydroxy-A*-steroid base. 
From the study of the derivatives formed by its progressive hydrogenation 
and reduction with sodium, it must be a doubly unsaturated A**-keto 
derivative or one in which the double bonds are conjugated. The 3rd 
oxygen atom is presumably oxidic and is associated with the basic side 
chain of the molecule. A general tentative interpretation of the structure 
of the alkaloid has been made. This has been aided by a similar study of 
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isojervine, which results from the isomerization of jervine by acid. 4 | 
number of derivatives of the alkaloid are described with the interpretation | 
of their ultraviolet absorption spectra. 
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THE FLUORESCENT CONDENSATION PRODUCT OF 
N}-METHYLNICOTINAMIDE AND ACETONE 
IV. A RAPID METHOD FOR THE DETERMINATION OF THE 


PYRIDINE NUCLEOTIDES IN ANIMAL TISSUES. THE 
COENZYME CONTENT OF RAT TISSUES* 


By JEAN ROBINSON,t NORA LEVITAS, FRED ROSEN,} 
anp WILLIAM A. PERLZWEIG 


(From the Depariment of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, July 8, 1947) 


In the previous paper of this series the application of the fluorometric 
alkali-acetone condensation procedure to the determination of the pyridine 
nucleotides in blood was described (1). The attempts to apply the method 
used for blood to tissues gave low values compared with those obtained by 
previous workers using microbiological methods (2-5). These low values 
were due to losses, presumably because of either the failure to inactivate the 
cellular nucleotidases (6, 7) or to the hydrolytic effect of the trichloroacetic 
acid employed. 

In an attempt to overcome this difficulty it was found that the use of 
nicotinamide as a specific inhibitor of the nucleotidases (8) was entirely 
effective, and did not in any way interfere with either the fluorometric pro- 
cedure or the growth of Hemophilus parainfluenzae used for the microbio- 
logical determination (9). Therefore, in the method described below the 
excised tissue is immediately immersed in a solution containing nicotin- 
amide and Ce(SQO,)2. After suitable extraction, dilution, and filtration an 
aliquot is analyzed by the fluorometric method previously described (1). 

Since in tissues the reduced nucleotides may amount to 40 per cent of 
the total (10), it is necessary to oxidize them, for which purpose ferricyanide 
has been used (9). But ferricyanide was found to interfere appreciably 
with the formation of the fluorescent derivative. Ce(SO)2, on the other 
hand, which is an even more efficient oxidizing agent, was found to have no 


* Grants in aid of this investigation from the United States Public Health Service, 
the Nutrition Foundation, Inc., the John and Mary R. Markle Foundation, and the 
Duke University Research Council are gratefully acknowledged. The diphospho- 
pyridine nucleotide (DPN) used in the study was obtained through the courtesy of 
Dr. J. A. Aeschlimann of Hoffmann-La Roche, Inc. 

+ The data contained in this paper were taken from a thesis to be presented by Jean 
Robinson in partial fulfilment of the requirements for the degree of Master of Arts in 
the Graduate School of Duke University. 

t Nutrition Foundation, Inc., Fellow. 
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effect on the analytic results obtained both by the fluorometric and the 
microbiological procedures used in this study. 

Extensive data are also given on the coenzyme content of rat liver, kid- 
ney, and muscle as determined by the new method. These values are in 
agreement with previously published data on the total nicotinic acid con- 
tent and indicate that substantially all of the niacin of these tissues exists 
in the form of pyridine nucleotides. 


Procedure 


In the work described below all experiments were carried out on rat tis- 
sues. Both male and female rats of the Osborne-Mendel strain, weighing 
between 100 and 250 gm., were used. 

Extraction of Tissues—The procedure which gave the best and most con- 
sistent results was as follows: The animal is killed by decapitation. A 
whole liver lobe, a whole kidney with the capsule carefully removed, or the 
large portion of a single skeletal muscle (samples of 500 to 1800 mg.) is 
rapidly excised and immersed completely in previously weighed 5 to 10 ml. 
beakers containing 4 to 7 ml. of 2 per cent nicotinamide and 15 to 20 mg. 
of Ce(SO, )o. 

Once the tissues are immersed, the subsequent weighing and further 
manipulation can be carried out at leisure, since there is no appreciable loss 
of tissue coenzymes for at least 4 hours at room temperature. The weighed 
contents of the beakers are transferred to the small cup of the Waring 
blendor' with 10 to 15 ml. of 2 per cent nicotinamide without Ce(SO,)s. 
The tissue is ground for 30 to 120 seconds to produce a smooth homogenate. 
Satisfactory results can also be obtained by grinding with sand in a small 
mortar. The homogenate is diluted with nicotinamide solution to 50 to 
100 ml. The mixture is then filtered through a No. 30 Whatman paper (1). 
The filtrates, which are somewhat opalescent for liver and kidney, are stable 
for at least 48 hours if kept refrigerated. 

Appropriate dilutions are made with distilled water to suit the sensitivity 
of the fluorometer to be used. In this laboratory a Coleman model 12A 
fluorometer was used in a range of 0.125 to 1 y of DPN. The procedure 
for the development of fluorescence is exactly that used for the determina- 
tion of pyridine nucleotides in blood (1). The relation of the recovery val- 
ues for added DPN and N'-methylnicotinamide is constant, as previously 
reported, and, therefore, added N'-methylnicotinamide may be used as an 
internal standard. The necessity for the use of an internal standard is 
determined largely by the degree of dilution of the tissue extract. With 
the use of a more sensitive instrument one separate determination on a 


1 The 25 ml. metal cup now available is satisfactory for this purpose. In this work 
a specially designed micro cup was employed. 
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suitable N'-methylnicotinamide or DPN standard in a given series of analy- 
ses should be sufficient. This can be determined in individual cases. 

Briefly the fluorometric analysis consists of the following steps: To each 
of three cuvettes is transferred 0.50 ml. of extract (0.3 to 1 y of DPN); 0.5 ml. 
of water is added to Tube 1, and 1.0 ml. is added to Tube 2 (the blank). 
Then 0.5 ml. of the solution containing standard (0.25 y of DPN) is added 
to Tube 3; 0.5 ml. of acetone is added to Tubes 1 and 3 and these are mixed. 
To all tubes is now added 0.2 ml. of 6 Nn NaOH; they are mixed and allowed 
to stand for 5 minutes, after which 0.3 ml. of 6 N HCl is added and the tubes 
heated for 2 minutes in aboiling water bath. The tubes are cooled and 1 ml. 
of 20 per cent KH:PO, is added; the contents are diluted to an appropriate 
volume and the fluorescence read with B, filters. 


RESULTS AND DISCUSSION 


In developing the above method the validity of the values obtained was 
tested and checked by comparison with those obtained by two microbio- 
logical methods: the growth assay with Hemophilus parainfluenzae, which 
is specific for the pyridine nucleotides (11), and also the assay with Lacto- 
bacillus arabinosus by which the total nicotinic acid content of the tissues 
(12) is determined. In the case of the Hemophilus parainfluenzae assay it 
was feasible to employ the identical nicotinamide extracts prepared as above 
for the fluorometric analysis (Table I), whereas in the Lactobacillus arabino- 
sus assay (Table II) it was obviously not possible to use the extracts con- 
taining the large excess of nicotinamide, and it was necessary to resort to 
the simultaneous analysis of another portion of the tissue taken from the 
same animal and extracted by autoclaving in 1 N HCl, as recommended by 
Krehl and his coworkers (12). 

The summary of results in Table I shows a substantial agreement of the 
range of the values and of their respective means obtained by the proposed 
fluorometric technique and the specific Hemophilus parainfluenzae assay in 
rat tissues. Not shown in Table I, but of great relevance to the problem of 
the determination of the pyridine nucleotides in the tissues, is the question 
of the duplicability of the values obtained by the two methods. 

The average percentage difference between duplicate pairs in the fluoro- 
metric procedure (twelve determinations) was 0.9 per cent (range 0 to 4 per 
cent). In the microbiological assay (twelve determinations) the average 
percentage difference between duplicate pairs was 7 per cent (range 0 to 13 
percent). In six microbiological assays in which the DPN content of each 
of the tissues was calculated from three duplicate determinations, each at a 
different dilution level of the extract, the average variation of the values 
from their mean was 9 per cent (range 2 to 30 per cent). 

In addition to the wider range of values obtained with the microbiological 
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procedure, which is inherent in most biological methods, the daily response 
of Hemophilus parainfluenzae to identical levels of DPN was extremely 
erratic. From our experience it is apparent that optimum conditions for 
cultivation and growth of this organism are yet to be established. 


TaBe [ 
Summary of Data on Pyridine Nucleotide Content of Rat Tissue; Comparison of 
Values Obtained by Fluorometric Analyses and Specific Assay with 
Hemophilus parainfluenzae* 


The results are given in terms of micrograms of DPN per gm. of fresh tissue. 














Liver, 12 analyses Kidney, 11 analyses Muscle, 9 analyses 
y ) 
) .  H. perain{u- .. HH. parainfu- | Fluoromet- H. parain- 
vrometri . ‘ . 
Fluorometric pete Fluorometric ‘canes ote duconnen 





Range 647-1290 756-1322 394-1045 452-955 372-655 | 386-520 
Mean + s.p. 1006 + 227 1036 + 189725 + 228 759 + 168 492 + 76) 444 + 34 





* The fluorometric and microbiological assays were carried out on the same ex- 
tracts of the tissues. 


Tas_e II 
Summary of Data on Pyridine Nucleotide Content of Rat Tissue As Calculated 
from Total Niacin Determined by Lactobacillus arabinosus Assay and 
Compared with Results Obtained by Fluorometric Method* 
The results are given in terms of micrograms of DPN per gm. of fresh tissue. 








Liver, 12 analyses Kidney, 11 analyses Muscle, 9 analyses 








Fluorometric | L. arabinosus Fluorometric L. arabinosus | Fluorometric, L. arabinosus 


Range 720-1240 650-1320 650-1080 | 540-1160 440-555 385-545 
Mean + s.p. | 925 + 173) 890 + 151 810 + 113) 785 + 119 490 + 43 475 + % 





945 T 725t 465T 





* The fluorometric and microbiological data represent analyses on separate liver 
lobes, halves of a kidney, and opposite gastrocnemius muscles in the same animal. 

+ Mean DPN values calculated from the data on the total niacin content, as de- 
termined colorimetrically by Handler and Dann (5). 


In addition to the specific Hemophilus parainfluenzae assay it was decided 
to verify the results obtained by the fluorometric procedure by determining 
the total nicotinic acid content of the tissue with the growth of Lactobacillus 
arabinosus (12). A summary of the data obtained in this comparison is 
shown in Table II. In spite of the fact that the analyses by the two tech- 
niques were by necessity carried out in separate samples of tissue, the agree- 
ment in the range of values, standard deviation, and means is remarkably 
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good. This is all the more noteworthy inasmuch as the L. arabinosus values 
are known to represent the total niacin content of the tissues, whereas the 
acetone condensation method is known to give fluorescent derivatives only 
with the quarternary nitrogen derivatives of nicotinamide. Since of these 
latter compounds only N'-methylnicotinamide and the pyridine nucleotide 
coenzymes have been identified so far in the animal organism, and since 
the former (N'-methylnicotinamide) does not produce growth with L. 
arabinosus, it can be deduced that all of the niacin present in the rat tissues 
studied is in the form of the pyridine nucleotides. This deduction is further 
supported by the agreement with the values of total niacin of rat tissues 
obtained by the use of a colorimetric chemical method by Handler and 
Dann (5) in 1941, as shown in Table II. Jn the same publication these 
workers showed that, while the total nicotinic acid content as determined 
chemically agreed with those calculated from the coenzyme values obtained 
with Hemophilus parainfluenzae in the case of rat kidney and muscle, the 


TaB_e III 
Summary of Data on Pyridine Nucleotide Content of Rat Tissue 
Compilation of all data obtained by the fluorometric technique. Results in terms 
of micrograms of DPN per gm. of fresh tissue. 








Liver, 105 analyses Kidney, 82 analyses Muscle, 65 analyses 
Mean SST 743 432 
Total range 490-1290 395-1240 240-655 


Range of } values 700-1100 570- 920 340-540 








total niacin of the liver exceeded the nucleotide niacin by about 60 per 
cent, which difference they designated ‘free nicotinic acid.” This discrep- 
ancy is most probably due to the partial breakdown of the nucleotides 
during the process of extraction with the trichloroacetic acid employed by 
these workers. Subsequently, Handler and Klein (1942) (6) showed that 
rat liver has a more active nucleotidase system than either kidney or muscle 
and demonstrated that it could be inhibited with nicotinamide. 

In addition to the comparative data shown in Tables I and II a large 
number of analyses of the three rat tissues were carried out by the fluoro- 
metric method and a summary of these is given in Table III. The values 
for standard deviation were not calculated, but the range of two-thirds of 
all values is given as obtained from a scatter diagram. The range of values 
is wider and the means are lower than those in Tables I and II. This is 
undoubtedly due to the larger number of animals represented and also to 
variation in their nutrition. While some of them were maintained for 
several weeks on standard Purina dog chow, others were used as they came 
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directly from the breeding colony where they were kept on a mixed diet, 
The effect of experimental dietary restrictions and modifications upon the 
coenzyme content of rat tissues has not yet been studied by this method. 

A summary of the differences in coenzyme content between different 
lobes of the liver, the two kidneys, and the two gastrocnemius muscles in 
the same animals is given in Table IV. The magnitude of variations as 
shown in these figures should be useful in the interpretation of other experi- 
mental data in rats. 

The following technical details of the method deserve special mention: 
In removing tissues for analyses it was found essential to minimize the area 
of cut surface on which the maximal destruction of coenzyme occurs. In 
this study the highest values were invariably obtained when whole lobes of 
liver and whole kidneys rather than when pieces or slices were removed. 


TaBLe IV 
Difference in Pyridine Nucleotide Content of Pieces of Same Tissue of a Rat 
Expressed as percentage difference from the mean of the two values. 





Opposite 





2 liver lobes, 2 kidneys, ; 
29 pairs 23 pairs ede aa 
Range 0-31 0-37 3-44 
Average difference + s.p. 10 + 7.8 9+ 77 1S + 13.3 





— 


It is, therefore, suggested that whenever the analysis of tissue slices is 
desirable losses may be prevented by slicing the tissues while they are kept 
submerged in nicotinamide solution. It will be noted that the preparation 
of tissue extracts for analyses does not involve deproteinization, as in the 
case of blood (1), since it was found that in the dilutions employed the 
presence of protein did not affect the intensity of fluorescence. If for some 
reason deproteinization is desirable, trichloroacetic acid may be used in 
conjunction with the nicotinamide, provided the pH of the extract does 
not fall below 1.6, since our data indicate that at pH 1.6 and below hydro- 
lysis of the coenzymes occurs. 

The advantages of the above method are as follows: The use of nico- 
tinamide in the extraction procedure results in less loss of pyridine nucle- 
otides than in any other commonly employed procedure. We are not 
aware of any known way of determining the absolute values without any 
loss whatsoever. Also, with this method of extraction the necessity for 
excessive speed in manipulation is eliminated, and thus it becomes possible 
to prepare and handle a larger series of tissue extracts. Once the extrac- 
tion is completed, analysis of a set of six extracts, in duplicate, can be com- 
pleted in 1 hour by an experienced analyst. 
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SUMMARY 


An adaptation of the fluorometric acetone condensation method to the 
determination of the pyridine nucleotide coenzymes in animal tissues is 
described. The rapid destruction of the coenzymes is prevented by the use 
of nicotinamide in the extraction medium. The validity of this method 
was established by substantial agreement with values obtained by the 
microbiologic assay with Hemophilus parainfluenzae, specific for the pyridine 
nucleotides. Data on the pyridine nucleotide coenzyme content of rat 
liver, kidney, and muscle are given. The comparison with the values for 
total niacin as determined by assay with Lactobacillus arabinosus and 
colorimetrically (by previous workers) shows that all of the niacin in these 
tissues is present in the form of the nucleotides. 
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It has previously been established that the chick requires phenylalanine 
in its diet (1, 2) as do the rat (3) and mouse (4), but for none of these animals 
is tyrosine an essential dietary constithent (2-6). Moss and Schoen- 
heimer showed (7), by isotope tracer methods, that an appreciable amount 
of phenylalanine is converted to tyrosine in the rat even when a large 
amount of tyrosine is present in the diet. Bauer and Berg (4) considered 
that for the mouse a lack of tyrosine imposed an additional need for phen- 
ylalanine; Almquist and Grau (2) found that chicks fed diets containing 
1 per cent pi-phenylalanine alone grew poorer than those fed diets which 
contained, in addition, 2 per cent L-tyrosine. A high level of pit-phenyl- 
alanine (3 per cent) obviated the need for tyrosine. Recently, Womack 
and Rose (8) demonstrated that in the rat tyrosine is capable of stimu- 
lating growth only when phenylalanine is furnished in suboptimum amounts. 
The present report is concerned with the results of feeding various levels 
of phenylalanine and tyrosine on the growth of chicks, and with determina- 
tions of the percentage retention for tissue formation of these components 


of the diet. 
Methods 


White Leghorn chicks were reared on a commercial type of diet uniil 
they were 2 weeks old, when they were segregated on the basis of weight 
and were given the experimental diets, which consisted of the following 
ingredients (in gm.): pL-alanine 1.5, L-arginine monohydrochloride 1.2, 
L-cystine 0.5, t-glutamie acid 5.0, glycine 1.8, L-histidine monohydrochlo- 
ride monohydrate 0.8, pt-isoleucine 1.0, L-leucine 1.5, L-lysine monohy- 
drochloride 1.4, pi-methionine 0.6, t-proline 2.0, pi-threonine 1.3, 
pL-tryptophan 0.5, pi-valine 1.5, sodium bicarbonate 1.5, cellulose’ 5, 
calcium gluconate 8, mineral mixture 3.8, crude soy bean oil 5, sardine 
oil (400 vitamin D and 3000 vitamin A units per gm.) 0.25, natural mixed 
tocopherols? 0.05, choline chloride* 0.2, inositol 0.1, cholic acid 0.1, 2- 


1Cellu flour. 

? Natural mixed tocopherols (15 per cent), Distillation Products, Inc. 

* Choline chloride was provided by the Lederle Laboratories Division, American 
Cyanamid Company, through the courtesy of Dr. T. H. Jukes. 
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methyl-1,4-naphthohydroquinone diacetate 0.001, thiamine 0.001, ribo- 
flavin 0.001, pyridoxine 0.001, nicotinic acid 0.003, calcium (d) 
pantothenate 0.003, biotin‘ 0.00001, pteroylglutamic acid’ 0.0001, and 
glucose* to make 100 gm. The mineral mixture contributed the following 
materials,‘in gm. to each 100 gm. of diet: tricalcium phosphate 2.0, dipotas- 
sium phosphate 0.5, potassium chloride 0.3, manganese 0.01, silicon 0.046, 
magnesium 0.048, aluminum 0.008, iron 0.014, copper 0.001, zine 0.001, 
iodine 0.0008, and cobalt 0.0005. Supplements consisted of p1L-phenyl- 
alanine or L-tyrosine or mixtures of these two amino acids. Teed and 
water were supplied ad libitum. 

In Experiment 1, pairs of cayffully selected chicks weighing 69 to 87 
gm. were fed diets containing 1.0 per cent phenylalanine plus 2 per cent 
tyrosine; or 2 per cent phenylalanine; or 2 per cent tyrosine. The chicks 
were weighed daily for 8 days. In Experiments 2 and 3, each bird was kept 
in an individual wire-floored compartment of an electrically heated battery 
brooder in order that accurate records of feed intake might be obtained. 
Chicks and feed were weighed daily. After a total of 12 days’ on the 
diets, the chicks were killed and the carcasses were analyzed for phen- 
ylalanine, tyrosine, and nitrogen by methods previously described (9), 


Results 


Growth Rates—In Experiment 1, the two chicks fed a diet containing 
1.0 per cent pui-phenylalanine and 2.0 per cent L-tyrosine gained 3.8 and 
4.3 per cent per day,* while four chicks fed 2.0 per cent phenylalanine but 
no tyrosine gained 3.4, 3.9, 3.9, and 6.1 per cent per day, respectively. 
These two diets were of approximately equal value in promoting growth. 
The four chicks fed 2.0 per cent tyrosine but no phenylalanine lost weight 
(growth rate of —2.5 per cent per day); thus these results confirmed the 
indispensable nature of phenylalanine in the chick (1, 2). 

In Experiments 2 and 3, in which various levels of phenylalanine and 
tyrosine were fed, the growth rates obtained gave an indication of the 
levels of these amino acids required for optimum growth. In Experiment 
2, a high level of tyrosine (2.2 per cent*) was kept constant in all diets, 


‘ Biotin was furnished by Merck and Company, Inc. 

’ Pteroylglutamic acid was provided by the Lederle Laboratories Division, Amer- 
ican Cyanamid Company, through the courtesy of Dr. E. L. R. Stokstad. 

* Cerelose. 

7In Experiment 3, one of each pair of chicks was kept for 24 days before it was 
killed. 

’ Per cent gain per day = (average gain per day X 100)/(average weight during 
experiment). 

* This level of tyrosine is equivalent on a mole basis to 2.0 per cent phenylalanine. 
In both Experiments 2 and 3, the tyrosine levels used were 110 per cent of the phen- 


ylalanine levels. 
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while the phenylalanine level was varied. Fig. 1, A shows the growth 
rates obtained with the several levels of phenylalanine. Best growth was 
obtained when 0.6 to 0.8 per cent phenylalanine was present; at levels 
above 1.0 per cent, phenylalanine was found to have a distinctly depressing 
effect on growth. When tyrosine was kept constant at 1.1 per cent (Ex- 
periment 3), the minimum required level remained unchanged, and there 
was no growth-depressing effect of higher levels of phenylalanine. When 
phenylalanine was held constant at marginal (0.8 per cent) or submarginal 
(0.4 per cent) levels, while tyrosine was varied, tyrosine had a definite 
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Fic. 1, A. The effects on individual growth rates of various levels of phenylala- 
nine when the diet contained 2.2 or 1.1 per cent tyrosine. 

Fig. 1, B. Individual growth rates of chicks fed various levels of tyrosine when 
the diet contained 0.4 or 0.8 per cent phenylalanine. The tyrosine (foot-note 9) 
values are corrected. 


growth-promoting effect (Fig. 1, B). Data are insufficient to show whether 
there is any difference in the tyrosine requirement between the two phenyl- 
alanine levels used. , 

The data presented in Fig. 1 show clearly that the chick has a definite 
requirement for phenylalanine (0.6 to 0.8 per cent), and that in addition 
tyrosine or phenylalanine must be supplied at an approximately equal 
level in order to satisfy the tyrosine requirement. This is analogous to 
the sulfur amino acid requirements, in which the cystine requirement 
can be satisfied by cystine or methionine, but only methionine can satisfy 
the methionine requirement for tissue formation. 

Feed Consumption—In Experiment 2 feed consumption of all chicks was 
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low for the Ist day; thereafter there were individual daily fluctuations 
which are not of importance to this study. In Experiment 3 this lag in 
consumption was eliminated by feeding a diet of a consistency similar to the 
amino acid diet before the experiment was started. The actual amounts 
are important in so far as they allow calculation of the amino acid and 
nitrogen intakes. 

Retention of Ingested Amino Acids—From the feed consumption data, 
it was possible to calculate the amounts of phenylalanine, tyrosine, and 
nitrogen ingested. From the initial chick weight, the amino acid content 
of each carcass was estimated (9), and the actual amount was determined by 
analysis at the end of the experiment.'’® The difference between the initial 
and final contents (the amount retained) was then divided by the amount 
ingested and multiplied by 100 to give the per cent retained of nutrient 
consumed. Some of these percentages were negative, and some were 
indeterminate (when a phenylalanine-free diet was fed, the percentage of 
phenylalanine retained could not be calculated). 

The retention values for the amino acids are actually minimum values 

for the efficiencies of utilization, for they are the recoveries of the amino 
acids themselves. Any phenylalanine transformed into tyrosine or other 
amino acids is not included in the percentage retained; yet this amount 
would have to be included if a value were to be called an efficiency of utiliza- 
tion.” 
In Fig. 2 the results of these retention calculations are presented for 
Experiment 2, in which 2 per cent tyrosine (corrected) was a constant 
component of the diets. The curve for phenylalanine rose rapidly from a 
large negative value to about 35 per cent at 0.6 per cent phenylalanine, 
after which it decreased to about 7 per cent at 2 per cent phenylalanine. 
The nitrogen retention followed a similar course, but did not decrease as 
much as did phenylalanine at the higher levels. This level of tyrosine did 
not allow its efficient use at any level of phenylalanine; the highest value 
observed was 9 per cent. 

When a lower level of tyrosine was employed (Experiment 3, Fig. 3), 


10 The contents of the carcasses at the end of the experiment were determined by 
analysis rather than by calculation from body weight and previously published data 
(9), because the effect of the diet on the composition of the body proteins was not 
known (cf. also ‘‘Constancy of tissue protein composition,’’ below). 

1 The work of Moss and Schoenheimer (7) indicated that more than 25 per cent 
of ingested phenylalanine is transformed to tyrosine and incorporated into the body 
proteins of growing rats fed a diet adequate in both these amino acids. A calcula- 
tion of the chick results on the basis of this work increases the phenylalanine utiliza- 
tion from the retention value of 14 to 21 per cent, and decreases the tyrosine reten- 
tion from 18 to 5 per cent. These results are calculated from the chicks of Experi- 
ment 3 which were fed 1.1 per cent tyrosine and 2.0 per cent phenylalanine. 
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the same curve forms were found. The phenylalanine retention decreased 
as the diet became overloaded with this amino acid, but the nitrogen 
retention did not decline. It will be recalled that rate of growth was 
adversely affected by high phenylalanine levels when tyrosine was 
present at the 2 per cent level, but not at the 1 per cent tyrosine level. 
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Fic. 2. The effects of the phenylalanine content of the diet on the percentage 
nutrient retained of that consumed when all diets contained 2.2 per cent tyrosine. 
Fic. 3. The effects of the phenylalanine content of the diet on the percentage 
nutrient retained of that consumed when all diets contained 1.1 per cent tyrosine 


As would be expected, the tyrosine retention was higher than before, but 
still below the nitrogen retention. 

In both experiments (Figs. 2 and 3) the optimum percentage retention 
of phenylalanine was practically identical with that of nitrogen. If only 
one of the phenylalanine isomers were being used for tissue formation, the 
phenylalanine retention would be only about half the nitrogen retention. 
Thus it appears that the isomers of phenylalanine are of equal value in 
promoting growth in the chick, as they are in the rat (10) and mouse (4). 
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These retentions were approximately equal to those obtained when the 
diets fed were of a purified type, or composed of natural feedstuffs." 
When the phenylalanine level was suboptimum (0.4 per cent, Fig. 4), 
nitrogen retention was markedly increased as the dietary tyrosine level 
was increased, although this retention curve was definitely below that 
obtained with 0.8 per cent phenylalanine. The phenylalanine curves of 
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Fic. 4. The effects of various levels of tyrosine (foot-note 9) on the percentage 
retention of nitrogen when the phenylalanine content of the diet was marginal (0.8 


per cent) or submarginal (0.4 per cent). 
Fia. 5. The relation of the tyrosine content of the diet to the percentage retention 


of phenylalanine (Pa) at two phenylalanine levels. 


Fig. 5 show that tyrosine aided in the retention of phenylalanine at both 
levels of phenylalanine, but that a greater effect was produced when the 
phenylalanine level of the diet was suboptimum. 


12 A purified diet, in which all the 20 per cent protein was provided by a mixture 
of casein, arginine, cystine, and glycine, yielded the following retentions (the average 
and the range of four chicks): nitrogen 40 per cent (34 to 43); phenylalanine 32 per 
cent (27 to 35); tyrosine 20 per cent (18 to 22). Casein contributes slightly more 
phenylalanine to the diet than is necessary to satisfy the chick requirements; hence 
the phenylalanine retention is lower than that of nitrogen. 
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It was indicated in Figs. 2 and 3 that dietary tyrosine was never ef- 
ficiently retained when high levels of tyrosine were present in all diets. 
When only a minimum level of phenylalanine was fed, an appreciable 
amount of ingested tyrosine was retained at low tyrosine levels (Fig. 6). 
The most efficient retention of tyrosine was found when the diet contained 
marginal phenylalanine and insufficient tyrosine for best growth. 

Constancy of Tisswe Protein Composition—The extent to which an animal 
existing under the stress of a deficient diet can change the amino acid 
contents of its tissue protein is not well known. Considerable work has 
been done on this subject, involving principally carcass analyses for ni- 


TaBLeE I 
Relation of Diet to Amino Acid Composition of Carcass Crude Protein (N X 6.25) 
The deficient diets contained 0 to 0.4 per cent of the amino acid; optimum 0.6 
to 1.0 per cent; excess 1.5 to 2.0 per cent. 





Amino acids in carcass protein 











Phenylalanine Tyrosine 
Phenylalanine Tyrosine 
per cent per cent 
Deficient Deficient 4.9 2.9 
™ | Optimum 4.9 3.0 
" | Excess | 4.8 3.0 
Optimum Deficient 4.9 2.8 
3 | Optimum | 4.7 2.8 
* | Excess 4.6 2.9 
Deficient Optimum 5.0 2.8 
Optimum - | 4.9 2.8 
Excess Lim | 63 3.0 








trogen and sulfur rather than for individual amino acids. The early 
work (reviewed by Cathcart (11) and Lee and Lewis (12)) yielded no 
unequivocal answer. Consequently Lee and Lewis (12) investigated the 
problem by analyzing carcasses of rats that were fasted, or fasted and refed, 
or fed a cystine-deficient diet. The amino acids studied were cystine, 
tyrosine, and tryptophan, and in these no deviations from normal were 
found under any of these conditions. 

Pertinent data obtained from Experiment 3 are presented in Table I, 
from which it is apparent that there is no consistent effect of the various 
dietary levels on the levels found in the protein. There are several con- 
clusions to be drawn from this fact: (1) The animal must fit the amino 
acids available into a rigid pattern of amino acids in tissue protein; if 
the diet does not contain a particular amino acid, either the animal must 
manufacture it, or new tissue will not be formed, and old tissue will break 
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down. (2) There is no appreciable amino acid storage. This has long 
been apparent from the rapid effect on growth noted after an animal is 
placed on an amino acid-deficient diet. (3) When fed a diet deficient 
in an essential amino acid, the animal wastes all amino acids, for the propor- 
tions are kept constant in its tissues. (4) Finally, and perhaps most 
important, we are justified in considering the rate of growth as the most 
important criterion of dietary protein adequacy, because it is a measure of 
the actual amount of amino acids laid down in the tissue proteins. 
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SUMMARY 


The chick requires 0.6 to 0.8 per cent pi-phenylalanine in its diet for 
optimum growth, plus an equal amount of either phenylalanine or L- 
tyrosine to provide for the tyrosine requirement. Tyrosine can thus 
spare phenylalanine only when marginal or submarginal levels of pheny!- 
alanine are present. 

Under optimum conditions, approximately 35 per cent of the ingested 
phenylalanine is incorporated into the body proteins. Because this per- 
centage is practically identical with the per cent of nitrogen retained, it 
is concluded that both optical isomers of phenylalanine are used by the 
chick, as they are in the rat and mouse. Tyrosine is not efficiently retained 
unless the phenylalanine level for growth is marginal and the tyrosine 
level is submarginal. 

The phenylalanine and tyrosine contents of the diets had no effect on 
the levels of these amino acids in the tissue proteins. 
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A COLORIMETRIC PROCEDURE FOR THE DETERMINATION 
OF SMALL AMOUNTS OF FATTY ACID 


By W. R. BLOOR 


(From the Department of Biochemistry and Pharmacology, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, July 14, 1947) 


The basis of the method is the measurement of the color change pro- 
duced by the reducing action of fatty acid or cholesterol on a sulfuric 
acid-dichromate mixture. This reaction has been used in several ways 
for the determination of fatty acids and other organic material. Bang (1) 
made it the basis of a micromethod by titrating the excess of dichromate 
with starch-iodine and thiosulfate. In this laboratory (2) the procedure 
of Bang was modified to make the oxidation complete. Van Slyke and 
Folch (3) used the reagent by collecting and measuring the carbon dioxide 
evolved in the oxidation. As far as can be determined, no one has reported 
the use of the color change in the reagent as a means of measurement of 
fatty acids or other organic material, and, since it was found that the change 
was closely proportional to the amount of fatty acid oxidized and that the 
actual determination was rapid and easy to carry out, a procedure was 
developed and reported (4). Since the reagent is sensitive to organic 
matter of all kinds, it is necessary to isolate the fatty acids before measure- 
ment. The procedure for the isolation has been worked out by previous 
investigators and need not be reported here. The change in color cannot 
be measured in the Duboscq or similar visual colorimeters, but it can be 
determined by the photoelectric type of instrument. For greater sensitiv- 
ity a depth of liquid greater than in the ordinary photoelectric colorimeter 
was desirable and a special colorimeter was devised and is described below. 

Reagent—The Nicloux type of sulfuric acid-dichromate reagent was used. 
It is made by dissolving 10 gm. of AgNO; and 10 gm. of K2Cr.0; separately 
in water, mixing the solutions, and purifying the precipitated silver 
dichromate by centrifuging and washing the precipitate two or three times 
with water in the centrifuge. 100 cc. centrifuge tubes were found con- 
venient for mixing and washing. The separated precipitate was dissolved 
in 500 cc. of concentrated H.SO, and kept in a glass-stoppered bottle. 

Solvent-—Either purified petroleum ether or a mixture of 7 parts of pe- 
troleum ether to 1 of chloroform can be used. The latter is more 
satisfactory, since it does not easily form emulsions in extracting lipide 
from either acid or alkaline solutions. 

671 








672 COLORIMETRIC DETERMINATION OF FAT 


Procedure 


The material to be determined (fatty acid or cholesterol), dissolved in 
petroleum ether or petroleum ether-chloroform (7:1), was made to a 
volume such that 1 cc. contained about 0.1 mg. of the substance to be 
measured. From this solution an aliquot containing 0.4 to 0.5 mg. was 
measured into a 50 cc. beaker and the same volume of solvent alone was 
measured into another beaker. The solvents were evaporated by immer- 
sion in boiling water, after which 3 cc. of the reagent were measured into 
the beakers and the mixture digested for 15 minutes in a closed vessel set 
in boiling water. At the end of the period 3 cc. of distilled water were 
added and the mixture set aside for 10 minutes to cool, after which it was 
transferred to the colorimeter cups and readings made. The values were 
determined by the use of a calibration curve. Care was taken during 
the evaporation of the solvent not to expose the tiny residues to heat and 
air longer than necessary to remove the solvent completely, since even the 
higher fatty acids are appreciably volatile and oxidizable under these 
conditions. Slight changes occur in the diluted mixture on standing, so 
that it is advisable to make the readings near the 10 minute point. Meas- 
urement of the dichromate reduced and hence of the amount of lipide 
present can be made by titration with thiosulfate and starch in the usual 
way. By this means it was found that, by the procedure given, the fatty 
acid or cholesterol was oxidized to the extent of about 88 per cent of the 
theoretical value, and the amount of reagent used constituted an excess 
of about 4 times that needed for this oxidation. 

Calibration Curves for Fatty Acid or Cholesterol—For this purpose fatty 
acid or cholesterol was dissolved in petroleum ether or petroleum ether- 
chloroform (7:1) and made to volume such that 1 ec. of the solution con- 
tained 0.1 mg. of the standard substance. 

Either palmitic, stearic, or oleic acid may be used as standard, since the 
differences in values are within the limit of error of the method. As 
cholesterol does give significantly higher values, a separate curve was run 
for it. For the calibration, from 1 to 8 cc. of the standard solutions was 
measured into one of the 50 cc. beakers and the same amount of solvent 
into another. After evaporation of the solvent the residues were treated 
as directed in the procedure and readings were made. Eight or ten 
determinations were made at each level and the positions marked on 
coordinate paper. The results are shown on the calibration chart. The 
accuracy of the measurements was about +5 per cent. The curves 
obtained are shown in Fig. 1. 

Special Colorimeter—In most of the photoelectric colorimeters at present 
available the intensity of color is measured by passing the light across 
small tubes (about 25 mm. in diameter). The sensitivity may be increased 
by the use of a greater thickness of solution, such as is obtained in the 
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cups used in the visual colorimeters. Such cups are used in the instrument 
described below. No claim can be made for originality in idea and very 
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little in device for this instrument, since a similar one has already been 
described (5), but the simplicity of construction, ease of use, and versatility 
of the present instrument are believed to warrant its description. 

A diagram of the special instrument is shown in Fig. 2. It consists of 
an oblong box about 43 X 5 X 7 inches with a light-tight door. The 
working parts (holders) are made of 3/32 inch bakelite or similar material, 
sliding in and out of grooves in the inside of the box. The light system 
is a modification of that described by Evelyn (6) and consists of a 6 volt 
flashlight bulb with a 6 volt automobile battery as the source of current. 
In the present work it was necessary to keep the battery fully charged; 
so that a permanent connection with a charger is desirable. The 
colorimeter cups are carried in a slide mounted on another holder which 
has an opening directly over the light source. The slide is operated from 
outside the box and is so constructed that first the cup containing the blank 
and after adjustment the cup containing the solution to be measured are 
centered over the light. A light filter and the flashlight bulb are mounted 
in similar holders beneath the cups, as shown in Fig. 2. (In the present 
work no filter was found which gave better results than the unfiltered white 
light.) 

Situated a short distance above the colorimeter cups is the photoelectric 
cell (Weston model 594, type 2, 668-0) connected to a galvanometer of the 
ordinary student type (Leeds and Northrup type P). 

In operation the colorimeter cups containing the blank and the solution 
to be measured are mounted in the sliding plate and the cup containing 
the blank solution is pushed over the light. The galvanometer is adjusted 
by means of the variable resistances R and R,; to a convenient point on the 
scale and let stand for a minute or two to come to rest; then after final 
adjustment the cup containing the solution to be tested is pushed into 
place and readings made. The difference between this reading and the 
reading set for the blank is the reading for the solution being tested. The 
values are then read off the calibration curve. 


SUMMARY 


A method is described for the colormetric determination of small amounts 
of fatty acid or cholesterol, making use of a special type of photoelectric 
colorimeter. 
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THE CLEAVAGE OF PHOSPHOLIPIDES BY BRAIN TISSUE* 


By WARREN M. SPERRY 


(From the Departments of Biochemistry, New York State Psychiatric Institute and 
Hospital, and the College of Physicians and Surgeons, Columbia University, 
New York) 


(Received for publication, July 16, 1947) 


Studies of brain metabolism with isotopic indicators are unanimous in 
showing that the rate of turnover of lipides in the adult rat brain is exceed- 
ingly slow in vivo (1-6). The results obtained by several investigators with 
p® are particularly convincing in demonstrating a low rate of phospholipide 
metabolism. It might be expected from these findings that no change in 
lipides, detectable with conventional methods, would occur during short 
periods of incubation of brain preparations in vitro. However, the chemical 
behavior of isolated tissue is not necessarily the same as it is in its natural 
environment in the living animal, and it seemed worth while to include some 
measurements of lipides in a study of brain respiration under way in our 
laboratory. 

These preliminary experiments showed an apparent decrease in the phos- 
phorus of the fraction of brain homogenates, soluble in organic solvents, 
during a 4 hour period of incubation. This finding was confirmed and stud- 
ied in considerable detail. 

EXPERIMENTAL 

Brain tissue from rats was homogenized with the all-glass apparatus of 
Potter and Elvehjem (7) in saline-carbonate buffer, saturated with 5 per 
cent CO.-95 per cent O.. In the experiments through Experiment 45 (Table 
I) the buffer was at room temperature and the homogenizer was run from 
40 to 50 seconds. The tube was moved up and down continuously during 
the homogenization. The temperature did not increase perceptibly to the 
touch. However, to minimize possible effects of frictional heating, from 
Experiment 45 through the rest of the investigation cold buffers were used 
and the time of homogenization was reduced to 25 to 30 seconds. For 
control determinations portions of the homogenates, as shown in Table I, 
were pipetted into 25 cc. volumetric flasks and extracted at once with 
aleohol-ether (3:1). In Experiments 10 to 14, inclusive, other portions 
were employed for respiratory measurements in the Warburg apparatus, 


* Preliminary reports of this investigation were presented to the Division of 
Biological Chemistry of the American Chemical Society at Buffalo, 1942, and to the 
American Society of Biological Chemists (Federation Proc., 2, 70 (1943)). 
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TABLE [| 


Decrease in Lipide Phosphorus during Incubation of Brain Tissue Homogenates 
in Carbonate Buffer for 4 Hours with Shaking at 37.5 














; Weight of Volume Phosphorus per 
a Tissue a | ne | 
homogenate enate} Control | Incubated 
me. ce. Y Y per cent 

10 Whole brain 131 1.0 2.64 2.40 9.1 
1] = ” 130 1.0 2.57 2.33 9.3 
12 “3 " 131 1.0 2.61 2.52 3.4 
13 o - 131 1.0 2.64 2.24 15.2 
14 . ig 48 2.0 2.53 2.29 9.5 
15 | Cerebral hemispheres 133 1.0 2.53 2.15 15.0 
16 | 7 - 131 1.0 2.48 2.31 6.9 
17 ns “1 131 1.0 2.48 2.27 8.5 
27 st m 83 2.0 2.61 2.41 7.7 
29 * or 91 2.0 2.57 2.49 3.1 
30 | ? 9 90 2.0 2.25 2.15 4.4 
31 | @ = 158 0.5 2.37 1.96 17.3 
32 | . + 173 0.5 2.33 2.16 7.3 
33§ | oe 7 168 0.5 1.61 1.35 16.1 
34§ | — , 189 0.5 1.76 1.56 11.4 
35§ ” % 199 0.5 1.76 1.67 5.1 
36 | Cerebellum + brain stem* 153 0.5 2.51 2.28 9.2 
37. =| Cerebral hemispheres 148 0.5 2.27 2.18 4.0 
38 < - 168 0.5 2.30 1.99 13.5 
39 ae “ 153 0.5 2.60 2.25 13.5 
40 7 ” 167 0.5 2.37 2.29 3.4 
4] “ 1. 167 0.5 2.24 2.18 1.0 
41 Cerebellum + brain stem* 166 0.5 2.55 2.45 3.9 
$2§ Whole brain 167 2.0 1.62 1.53 5.6 
43 - “ig 141 0.5 2.50 2.39 4.4 
45 = wa 177 0.5 2.52 2.30 8.7 
46 * 164 0.5 2.35 2.24 4.7 
17 $7 0.5 2.49 2.29 8.0 
53 ” - 165 0.5 2.44 2.16 11.5 
55 Cerebral hemispheres 162 0.5 2.30 2.13 7.4 
55 Cerebellum + brain stem* 137 0.5 2.69 2.55 §.2 
56 Whole brain i2 0.5 2.39 Mm 9.2 


| 
| 


+ The data in this column are only approximate, but errors in this measurement 
have no effect on the percentage decrease, since they apply equally to bothof the 
phosphorus values. 

t The volumes shown were pipetted into 25 ce. volumetric flasks for control 
determinations and for incubation, except in Experiments 10 to 14, in which the 
incubated samples were pipetted at the end of the incubation period. 

§ Age of rats: Experiment 33, 18 days; Experiments 34 and 35, 20 days; Experiment 


42, 16 days; other rats adults. 
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and at the end of a 4 hour period of shaking in the bath at 37.5° samples 
were pipetted for extraction exactly as in the control analyses. In the re- 
maining experiments “control” and “incubated” portions were pipetted 
into 25 cc. volumetric flasks at the start of the experiment. The ‘‘control’’ 
samples were extracted at once; the experimental samples were shaken for 
4 hours in the Warburg apparatus and then extracted. The stoppers were 
removed and the flasks were flushed out with CO,-O» at intervals of about 
4 hour during the period of incubation. 

In making the extractions about 15 cc. of solvent were added and brought 
to a boil and the flasks were allowed to stand, usually overnight. Solvent 
was added to the mark and the contents were thoroughly mixed and filtered. 
Phosphorus was determined in 1 ec. portions of the filtrate by Sperry’s 
micro modification (8) of the Fiske and Subbarow method (9). 

In most of the experiments two control and two incubated samples were 
extracted and each sample was analyzed in duplicate; 7.e., each phosphorus 
value, with a few exceptions, is the average of four determinations. An 
estimate of the error of the procedure for determining phosphorus in the 
extracts was obtained by calculating the standard deviation of the per- 
centage deviations of the duplicate estimations from their respective means. 
The standard deviation of 344 such values was + 1.1 per cent. This es- 
timate does not include the errors of preparing the extracts, particularly 
of pipetting samples of the homogenates which usually contained air bubbles 
and were not entirely homogeneous.' An estimate of the over-all error 
was obtained by calculating the standard deviation of the four analyses 
(two on each of two samples) from their respective means. The value was 
+1.9 per cent. 

Although in some of the experiments the decreases in lipide phosphorus 
content (Table I) were not significant, the majority were too large to be 
fortuitous and the fact that a change in the same direction was observed 
in every experiment leaves no doubt that the over-all result is significant. 
The wide variation in the magnitude of the change is probably related to 
variations in the preparation of the homogenates. 

The loss of lipide phosphorus during incubation of brain tissue appears 
to demonstrate the presence in brain of a fairly active mechanism capable 
of cleaving phospholipides, but other explanations were considered. That 
non-lipide phosphorus was extracted in the control but not in the incubated 
samples appeared unlikely from some experiments in which the filtered 
alcohol-ether extracts from replicate control and incubated samples were 
taken to dryness and reextracted with ethylene chloride. The solutions 
were made up to the original volume and phosphorus was determined in 


1 In the latter part of the work, starting with Experiment 71, the samples of the 
emulsions were weighed to minimize this error. 
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1 cc. portions. A comparison of the results (Table 11) with the correspond- 
ing values found in alcohol-ether extracts of the same homogenates (Table 
I) shows that although only about three-fourths of the alcohol-ether-soluble 
phosphorus was extracted by ethylene chloride the percentage differences 
between control and incubated homogenates were as large as, or in some 
experiments considerably larger than, those found in the alcohol-ether 
extracts. 

More serious is the possibility that a portion of the phospholipides be- 
came insoluble during incubation through the formation of stable combina- 
tions with protein, or in some other way. Three types of evidence, bearing 
on this point, were obtained. In one series of experiments a different and 
somewhat more efficient solvent mixture, methyl alcohol-chloroform (1:1), 























TABLE II 
Reeztraction with Ethylene Chloride 
Raiaheesensal aa BRE cee 
. | S s gy. brai . - *hosphe , g. brain 
Experiment Phosphorus per mg. brain 7 Experiment ante cmaned anhen . Dec 
No. — —————————— ecrease No srtasemmemenneinpenremnpeanaseseniseasnamnemninats Jecrease 
Control Incubated Control Incubated 

Y 7 per cent Y 7 per cent 

32 1.62 1.49 S.0 35 1.48 1.30 12.2 

33 1.33 1.13 15.0 398* 1.85 1.64 11.4 
34 1.34 1.06 20.9 $2 1.30 1.18 9.2 

* In this experiment rat blood serum was added to the homogenate. In thecor- 


responding experiment, in which alcohol-ether was used as the only solvent, the 
decrease was 10.0 per cent. 


was compared with alcohol-ether. The technique was the same as that 
described except that incubation was continued for 21 to 24 hours, with or 
without shaking during the first 6 or 7 hours, and the more complex carbonate 
buffer of Krebs and Henseleit (10), with phosphate omitted, was used in 
Experiments 79 to 88. Merthiolate was added in the proportion of 10 mg. 
to 100 ec. of buffer. Each phosphorus value (Table III) is the average of 
at least four determinations, two on each of two samples of the brain homo- 
genate. Although methyl alcohol-chloroform extracted a little more phos- 
phorus than alcohol-ether, the decreases were about the same with the two 
solvent mixtures, except in Experiment 87 in which a very high apparent 
decrease was found in the samples extracted with alecohol-ether. This value 
is so far out of line with other results obtained in this investigation that it 
is open to serious question, but the replicate determinations agreed closely 
and there is no evident reason for excluding it. 

In a further effort to rule out a change in solubility as an explanation of 
the results an entirely different method of extraction was employed, v7z., the 
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colloidal iron procedure of Folch and Van Slyke (11). In the first attempts 


to apply this technique to brain homogenates the agreement among repli- 


cates was poor and the amounts of lipide phosphorus found were only about 
half of those obtained with direct alcohol-ether extraction. The method 
was studied in considerable detail, with particular attention to the procedure 
for extraction from the colloidal iron precipitate. Various amounts of 
water were added to the precipitate and various combinations of solvents 


TABLE III 
Comparison of Solvents 





























Alcohol-ether (3:1) Methy! alcohol-chloroform (1:1) 
—— Phosphorus per mg. brain Phosphorus per mg. brain 
| - | Decrease Decrease 
Control! | Incubated Control Incubated 
Y Y per cent 7 | Y per cent 
51 2.32 | 1.97 | 15.1 2.44 2.12 13.1 
51B* 2.46 1.88 | 23.6 2.65 2.19 17.4 
52 2.35 2.03t | 13.6 2.55 2.20 13.7 
52B* 2.31 1.74 | 24.7 2.66 2.05 22.9 
79t 0.98 0.82 | 16.3 1.06 0.88 17.0 
8l 2.42 2.08 14.0 2.53 2.18 13.8 
82 2.09 1.97 §.7 2.38 2.18 8.4 
87 2.33 0.90 61.48 | 2.78 2.49 | 10.4 
88 2.16 1.87 | 13.4 | 2.28 1.97 13.6 








* Rat blood was added to the brain homogenates in these experiments. 

t+ The phosphorus value found in one of the samples was so low (1.56 y) thatan 
error seemed likely and the value was omitted from the average. 

t The brains of 5 day-old rats were used. 

§ The individual phosphorus values were as follows: control Flask 1, 2.32 and 2.33; 
control Flask 2, 2.34, and 2.34; incubated Flask 1, 0.91 and 0.89; incubated Flask 2, 
0.89 and 0.90. 


were tried. Fairly uniform results were obtained with the following pro- 
cedure: Approximately 0.2 cc. portions of the homogenate were placed in 
tared 15 cc. centrifuge tubes, weighed, and treated as described by Folch 
and Van Slyke. The precipitate was washed twice with magnesium sulfate 
solution and once with water. Either 0.8 or 1.1 cc. of water and 2 cc. of 
alcohol were added and the precipitate was stirred into suspension and 
transferred to a 10 cc. volumetric flask. Two 1 ce. portions of alcohol 
followed by 2 and 1 cc. portions of ether were used in washing. The flask 
was filled to the mark with ether and 1.0 cc. portions of the filtrate wera 
taken for phosphorus determination. In the preliminary experiments the 
quantity of water added was varied from none to 1.6 ce. Maximal yields 
of lipide phosphorus were obtained with 0.8 and 1.1 cc. and both of these 
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quantities were used in the incubation experiments. In most instances 
the recovery was around 65 to 70 per cent of the directly extractable phos- 
phorus, though occasionally values up to approximately 80 per cent were 
found. Despite this large discrepancy the percentage decrease during incu- 


TABLE IV 


Extraction with Folch-Van Slyke Procedure 





Phosphorus per mg. brain 

















Experiment No. Extraction procedure Water added ili Decrease 
Control Incubated 

ce. Y 7 per cent 
Sl Direct 2.42 2.08 14.0 
Folch-Van Slyke 0.8 1.59 1.40 11.9 
- 1.1 1.42 1.44 16.3 
§2 Direct 2.09 1.97 5.7 
Folch-Van Slyke 0.8 1.43 1.35 5.6 

os 2 1.55 1.57 0 
S7 Direct 2.33 0.90 61.4 
Folch-Van Slyke 1.1 1.91 0.71 62.8 
SS Direct 2.16 1.87 13.4 
Folch-Van Slyke 0.8 1.34 1.25 6.7 

5 1.1 1.41 1.40 0 

TABLE V 


Behavior of Alcohol-Ether-Soluble Lipides of Brain Tissue Homogenates during 
Incubation for 4 Hours 





Lipides per mg. brain 


- ; | , Lipides per mg. brain 
Experiment Change a “Ur bi 











No — seinen Change 
Control Incubated Control Incubated 

Y ¥ per cent ¥ 7 per cent 
10 180 179 —0.6 17 160 165 +3.1 
12 175 1S4 +5.1 43 190 187 —1.6 
13 160 160 0 $5 170 72 +1.2 
15 157 146 —7.0 416 168 164 —2.4 
16 157 151 —3.8 17 175 179 +2.3 


bation of 0.2 ce. portions of the homogenates in centrifuge tubes was usually 
of the same order of magnitude as that found in replicate samples of the 
same homogenate extracted directly (Table IV). The finding of remarka- 
bly high values with both procedures in Experiment 87 is particularly striking 
(cf. Table ITI). 

A third type of evidence against the interpretation of the result on the 
basis of a change in solubility was obtained from measurements of the total 
alcohol-ether-soluble lipides in some of the experiments (Table V). The 
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total extract remaining after the two 1 cc. samples for phosphorus deter- 
mination were removed was transferred quantitatively to a weighed flask 
and taken to dryness in a stream of carbon dioxide. Although the quan- 
tities were small, close agreement between duplicate determinations was 
obtained with the use of a uniform technique for drying and weighing the 
flasks. ‘The apparent changes were about equal in both directions and 
were within the error of the procedure; the largest apparent difference (7 
per cent) represented a weight of only 1.4 mg. 
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TaBLe VI 
Effect of Blood Adde d to Homoge nates of Brain Tissue on Cle avage of Phospholipide Ss 
Experiment Time of Blood per Decrease in| Experiment | _ Time of Blood per _ Decrease in 
No. incubation gm. brain phosphorus No. incubation gm. brain phosphorus 
- Ars. ce. per cent hrs. ce. per cent 
37 4 0 4.0 53 4 0 11.5 
} 0.85 6.5 4 0.22 4.9 
38 } 0) 3.5 24 0 16.0 
} 0.28 7.6 24 0.22 20.9 
39 4 0 13.5 54 7 0 9.3 
4 0.41 10.0 7 Q. 23 7.0 
48 24 0 25.1 24 0 14.8 
24 0). 24 24.1 24 0.23 24.2 
49 24 0 7.5 56 a 0 9.2 
24 0.25 17.4 $ 0.24 6.3 
51 24 0 15.1 21 0 9.4 
24 0.24 23.6 21 0.24 13.6 
52 24 0 13.6 
24 0.29 24.7 








* Blood serum from another rat added in this experiment, 


Effect of Added Blood—The possibility that phospholipide-splitting en- 
zymes of the blood were responsible for the decrease in lipide phosphorus 
was investigated through a study of the effect of a large excess of blood. 
The brain was divided longitudinally into approximately equal parts, of 
which one was homogenized in carbonate buffer, and the other in buffer to 
which had been added blood from the same rat, or in one case serum from 
another rat. Samples of the two homogenates were carried through the 
procedure side by side. The flasks were shaken in the Warburg bath for 
the times indicated in Table VI, except that in the 21 or 24 hour experiments 
shaking was continued for 4 to 7 hours, after which the flasks were placed 
in an incubator at 37.5° for the remainder of the period. The data show 
no effect of blood or serum in increasing the cleavage of phospholipides 
during a 4 or 7 hour period of incubation; indeed in five of the six experi- 
ments the decrease in phosphorus was less in the presence of an excess of 
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blood than in the emulsions to which no blood had been added. This 
result indicates that enzymes of blood were not responsible for the cleavage 
of phospholipides found in short time experiments. On the other hand in 
six of the seven 21 or 24 hour experiments the decrease was greater in the 
presence than in the absence of added blood, a finding which suggests that 
enzymes of the blood may be responsible, at least in part, for the increased 
splitting of phospholipides usually observed during autolysis for a long 
period. 

Effect of Time of Incubation and of Shaking—In several experiments the 
effect of time of incubation (1 to 24 hours), of shaking, or of both was studied 
on replicate samples of the same homogenate. The data are too variable 
to justify detailed presentation, but they show a definite tendency for the 
degree of cleavage to increase with increasing time and little, if any, effect 
of shaking. 

Effect of Heating-—Replicate samples of the homogenates were heated at 
100° for 2 to 10 minutes before incubation in several of the experiments. 
In all cases the splitting of phospholipides was reduced, usually to less than 
half that of the unheated samples, but in only one instance was there com- 
plete inactivation. Some of this cleavage probably occurred during the 
heating; in four experiments in which samples were heated to 100° for 10 
minutes and then analyzed without incubation, there was a decrease in 
phosphorus averaging 3.2 per cent. However, not all of the splitting in 
the heated and incubated samples can be accounted for in this way, and it 
must be concluded that if the reaction is catalyzed by enzymes they must 
be unusually resistant to heat. There is some support for this possibility: 
the lecithinase A of snake venom and of pancreas is remarkably stable to 
heat (12, 13). 

Effect of Various Solutions Used in Preparing Brain Homogenates—In the 
experiments described above either a simple saline-carbonate buffer or the 
more complex carbonate buffer described by Krebs and Henseleit (10), 
with phosphate omitted, was used. These buffers were saturated with 95 
per cent O.-5 per cent CO.. They were compared in eight experiments in 
which half the brain was homogenized in one and the other half in the 
other buffer. The two homogenates were incubated side by side for 
different periods of time, with or without shaking. The average percentage 
decreases in phosphorus were 12.1 and 13.8, respectively. In several of these 
experiments the pH was determined with the glass electrode in replicate 
samples which had been carried through the incubation procedure. The 
values ranged from 7.0 to 7.9 and agreed closely for the two homogenates 
in each experiment. 

In three experiments homogenates made from halves of the same brain 
infsimple carbonate buffer and in water were compared. The average de- 
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crease in phosphorus in the carbonate homogenates was 9.7 per cent, while 
in the water homogenates no change occurred. The pH values in the incu- 
bated carbonate homogenates were 7.7, 7.4, and 7.4; in the water homogen- 
ates the values were 6.8, 7.0, and 7.2, respectively. Although the pH was 
lower in the water than in the carbonate homogenates, the absence of phos- 
pholipide cleavage in the former cannot be attributed to the small difference 
in acidity, since no relationship between degree of splitting and pH within 
this range was evident in the experiments described in the preceding para- 
graph. The negative result with homogenates prepared in water suggests 





























TaBLe VII 
Incubation of Minced Brain Suspended in Buffer 
é | | ™ E et 
e |. » 

3 Buffer | Treatment | $3 Be Buffer Treatment 5 
| | 33 3 

Q | Q 
—_ | per | per 
| | cent | cent 
71 | Saline-carbonate | Shaken | 13.9) 73 | Saline-carbonate | Shaken Be 
oe | Not shaken} 15.5) a Not shaken/22.7 
Krebs-Henseleit | Shaken 8.0 | Krebs-Henseleit Shaken 6.3 
" Not shaken} 11.6 Not shaken/18.8 
72 | Saline-carbonate | Shaken 16.0 74 | Saline-carbonate | Shaken 7.3 
ee Not shaken! 7.1| | in Not shaken} 6.3 
Krebs-Henseleit Shaken | Oo | Krebs-Henseleit | Shaken 8.7 
” Not shaken! 0 | | . Not shaken|14.5 








* Phosphate was omitted from the Krebs-Henseleit buffer (10). 


that the reaction is more complex than a simple hydrolysis and may involve 
oxidative processes which require intact cells, and it also provides further 
evidence against the possibility that cleavage of non-lipide esters, such as 
adenosine triphosphate, was a factor in the decrease of lipide-soluble phos- 
phorus. 

In three experiments a veronal buffer (pH 7.4) was used. In one a 9 per 
cent decrease in phosphorus was found; in the others there was no change. 
In several experiments phosphate buffers were employed in conjunction 
with the Folch-Van Slyke extraction procedure (11). No decrease in lipide 
phosphorus was found except in one experiment in which methyl alcohol- 
chloroform (1:1) was used for extraction, and this could not be confirmed. 

Glucose and nicotinamide, added in some experiments, had no apparent 
effect on the splitting of phospholipides. 

Decrease in Lipide Phosphorus during Incubation of Minced Brain—A rat 
brain was minced with scissors and ground to a fairly homogeneous paste 
in a mortar under conditions which prevent loss of tissue water (14). Four- 
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teen portions were drawn up in a glass tube fitted with a glass plunger, 
transferred to tared 25 cc. volumetric flasks, and weighed. Simple saline. 
carbonate buffer was added to half the flasks and the Krebs-Henseleit car. 
bonate buffer to the other half. Of each set of seven, three were extracted 
at once with alcohol-ether as controls and the other four were incubated 
for about 21 hours, with or without shaking for the first 5 to 6 hours. Each 
sample was analyzed for phosphorus in duplicate. 

The results (Table VII) show that with three exceptions the lipide phos- 
phorus decreased as it did in similar experiments with brain homogenates, 
There was no consistent difference in results with the two buffers. Shaking 
usually, though not always, appeared to have an adverse effect on the 
reaction. 

DISCUSSION 

The results of this investigation demonstrate that a significant decrease, 
which may be of considerable magnitude, in the quantity of phosphorus 
extractable with lipide solvents occurs during incubation of homogenized or 
minced brain tissue in carbonate buffer, and the findings show further that 
the decrease is in all probability the result of an active mechanism present 
in brain tissue with the ability to split phospholipides at a relatively rapid 
rate. 

Other investigators have presented indirect evidence for the presence of 
“lecithinase” in the brain. Coriat (15) found that choline was liberated 
during autolysis of a sample of minced brain for 72 hours in the presence of 
chloroform, and Simon (16) in similar experiments observed an increase in 
inorganic phosphorus. King (17) incubated aqueous extracts of rabbit and 
chicken brains with a lecithin emulsion for 48 hours and observed a small 
and variable increase in the total free and acid-soluble phosphorus. The 
only indirect study in which short periods of incubation were employed was 
reported by Stamm (18), who incubated suspensions of minced calf brain 
in Locke’s solution for periods of 3 to 14 hours and measured the increase 
in inorganic phosphorus. In nine to fifteen such experiments he found an 
average increase of 0.13 y per mg. of brain at 3 hours, 0.20 y at 43 hours, 
and 0.24 y at 6 hours. These values may be compared with the average 
decrease in lipide phosphorus of 0.19 y per mg. of brain found in the 4 hour 
experiments (Table I) of the present investigation. 

In a publication which appeared after most of the experiments listed in 
Table I had been completed, Fries, Schachner, and Chaikoff (19) reported 
direct studies, similar to those reported here, on one young (15 gm.) and 


one adult (200 gm.) rat. Homogenates of brain tissue in carbonate buffer 
were incubated for 1, 2, and 4 hours. The quantity of brain per unit vol- 
ume of solution (about 60 mg. per cc.) was considerably less than that 
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employed in most of my experiments and the methods of measurement were 
also different: changes in the quantity of phospholipide were determined 
by oxidative procedures and by the isotope labeling technique. Both 
methods showed a decrease of 10 to 15 per cent in the phospholipide present. 

The phospholipide-splitting mechanism of brain appears to be relatively 
very slow or inoperative in the living animal. All available evidence indi- 
cates that the rate of turnover of phospholipides in the adult brain is far 
slower than would be expected if this mechanism were active during life. 
Furthermore, the findings on the brain tissue of young rats cannot be cor- 
related with studies of living animals. Fries, Changus, and Chaikoff (4) 
and Waelsch, Sperry, and Stoyanoff (20) showed that the rate of lipide 
metabolism in the brain is very rapid during the first few days of life. In 
contrast, Fries, Schachner, and Chaikoff (19) found no difference in phos- 
pholipide-splitting ability of brain of the young rat and the adult rat which 
they studied, and the same result was obtained in the present investigation 
(cf. Experiments 33, 34, 35, and 42, Table I, and Experiment 79, Table 
ITT). 

The author is indebted to Katharina Newerly, David Aaron, and V. A. 
Stoyanoff for technical assistance. 

SUMMARY 

Homogenates of rat brain tissue in saline-carbonate buffer were incubated 
at 37.5° with shaking for 4 hours. A consistent, though variable decrease, 
averaging about 8 per cent, in the amount of phosphorus extractable with 
aleohol-ether took place. Increasing the time of incubation up to 24 hours 
usually increased the magnitude of the change. 

Extraction with different solvents and with an entirely different tech- 
nique (11) gave similar results, and rat blood, added in excess, had no con- 
sistent effect. Total lipides were not changed significantly. These findings 
indicate that the decrease in extractable phosphorus was the result of a 
cleavage of phospholipides by a mechanism present in brain tissue. 

Homogenates of brain tissue in the more complex carbonate buffer of 
Krebs and Henseleit (10), with the phosphate omitted, responded in the 
same way. Results obtained with other buffers were inconclusive. No 
change in extractable phosphorus occurred during incubation of homogen- 
ates made in water. 

Brains of young rats, in which myelination with an active lipide metab- 
olism was going on in vive, showed no more phospholipide cleavage in vitro 
than brains from adult rats. 

A considerable decrease in aleohol-ether-soluble phosphorus, comparable 
with that found in homogenates, usually occurred during incubation of 
minced brain suspended in carbonate buffer. 
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THE CONVERSION OF ORNITHINE TO CITRULLINE 
BY RAT LIVER HOMOGENATES* 


By PHILIP P. COHEN anp MIKA HAYANO 
(From the Laboratory of Physiological Chemistry, University of Wisconsin, Madison) 
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The conversion of ornithine to citrulline as an obligatory step in the 
synthesis of urea in mammalian liver was first postulated by Krebs and 
Henseleit (1). This reaction was later investigated in detail by Gornall 
and Hunter (2) using rat liver slices. The use of liver slices for the study 
of this reaction is unsatisfactory in that citrulline, once formed from orni- 
thine, is rapidly converted through arginine to urea. The use of homo- 
genized liver preparations has eliminated this difficulty in part because of 
more adequate control of the conditions necessary for the various steps in 
the cycle. 

It was found early in this study that components and conditions necessary 
for the synthesis of citrulline from ornithine were such as to catalyze the 
disappearance of citrulline at an appreciable rate when magnesium ions were 
present (3). The absence of magnesium ions, however, resulted in an ac- 
cumulation of citrulline. This means of stopping the urea cycle at citrulline 
provided a convenient system for the study of the optimum conditions nec- 
essary for the conversion of ornithine to citrulline. 

Srb and Horowitz as a result of studies on Neurospora mutants (4) have 
offered evidence for the existence of two distinct enzymatically catalyzed 
steps in the conversion of ornithine to citrulline, the first of these being the 
introduction of carbon dioxide, and the second, the introduction of am- 
monia. In the present work, this synthesis has been studied as a unit re- 
action. Experiments reported in this paper deal particularly with the 
formation of citrulline in the stepwise synthesis of urea from ornithine by 
rat liver homogenates. 


Procedures 


Preparation of Homogenates—A detailed description for the preparation 
of homogenates has been published previously (3). 0.5 ml. of a 20 per cent 
rat liver homogenate prepared in isotonic KCl was used in each incubation 
flask throughout the study, unless otherwise specified. This amount of 
homogenate contained between 2.3 and 2.8 mg. of tissue nitrogen as deter- 
mined by micro-Kjeldahl analysis. 


* Aided in part by a grant from the Wisconsin Alumni Research Foundation. 
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Incubation—All incubations were carried out in Warburg flasks at 38° 
for a period of 1 hour, unless otherwise specified. All flasks were gassed 
with a 5 per cent CO»-95 per cent O2 mixture previous to introduction into 
the bath. This procedure resulted in relatively uniform results from experi- 
ment to experiment. Further, the gaseous CO, present per flask (approxi- 
mately 1000 microliters) was found to be adequate for the usual length of 
incubation, as shown by experiments in which regassing at frequent intervals 
yielded values no higher than those in which the gas had been introduced 
only once prior to the incubation. 

Incubation mixtures giving optimum results consisted of pL-ornithine 
hydrochloride (at concentrations calculated on the basis of the L isomer 
only), t-glutamic acid, ammonium chloride, adenylic acid, liver homogenate, 
potassium phosphate buffer, pH 7.15, and bicarbonate ions at a concentra- 
tion sufficient to bring the pH to 7.15 after equilibration with 5 per cent 
CO, in the gas phase. The total incubation volume was 3.0 ml. 

Analytical—At the end of the incubation period, 0.3 ml. of 3 M acetate 
buffer, pH 5.0, was added to stop the reaction. In most experiments, 1.0 
ml. of incubation mixture was then pipetted into 1.0 ml. of 10 per cent tri- 
chloroacetic acid and the precipitated protein centrifuged down. 0.5 ml. 
of the clear supernatant was taken for analysis of citrulline by the method 
of Archibald (5) with slight alterations. In these analyses, the previous 
destruction of urea by urease was eliminated since the amount of urea 
formed was negligible. When the amount of urea was measurable, citrul- 
line was determined after a prior treatment with urease and trichloroacetic 
acid. The period of color development was lengthened to 15 minutes. 

For samples to be analyzed for urea, the incubation mixture was centri- 
fuged after the addition of acetate buffer and an aliquot of the supernatant 
taken for analysis by the method of Krebs and Henseleit (1). 

All results are reported in microliters of product, citrulline or urea, or 
both, per mg. of tissue nitrogen. Approximate Qcitruttine Values can be 
obtained by dividing the microliters of end-product per mg. of N by 10, 
assuming that 10 per cent of the dry weight of liver is nitrogen (6). 

Preparations lsed—pu-Ornithine hydrochloride and pt-citrulline were 
obtained from the Amino Acid Manufactures, University of California, 
Los Angeles. 

Adenosine triphosphate (ATP) was prepared from rabbit muscle (7) 
as the hydrated barium salt. Adenylic acid was prepared from ATP by 
the method of Kerr (8). An initial sample of the acid was obtained from 
Dr. G. A. LePage. The authors are indebted to him for this gift. 

a-Ketoglutaric acid and oxalacetic acid were synthetic products (7). 

Glutamine samples were obtained from the following sources: Bios Lab- 
oratories, Sample A; Dr. F. M. Strong and Dr. R. H. Burris, Samples B 
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and C respectively; Dr. P. B. Hamilton, Sample D (Lederle), Sample E 
(synthesized by Dr. J.S. Fruton), and Sample F (Drug Products Company) ; 
Dr. J. P. Greenstein, Sample G (Lederle) and isoglutamine. Dr. P. B. 
Hamilton kindly furnished the assay values for Samples D, E, and F, 82, 
97, and 85 per cent purity, respectively. The authors are indebted to the 
generosity of the above in providing these samples. 

All other reagents employed were commercial products. 

5 per cent CO.-95 per cent O, and 5 per cent CO.-95 per cent N»2 gas 
mixtures were commercial preparations. The same tanks were used 
throughout the study to insure uniformity of results. 
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Fic. 1. Effect of ornithine concentration on the formation of citrulline. Final 
substrate concentrations, glutamic acid 6.7 X 10-? m, ammonium chloride 6.7 X 107° 
m, adenylic acid 1 X 10-*m. Tissue concentration per flask 2.64 mg. of N. 

Fic. 2. Effect of ammonia concentration on the formation of citrulline. Final 
substrate concentrations, glutamic acid 3.3 X 10? m, ornithine 3.3 X 10-* M, adenylic 
acid 1 X 10-*m. Tissue concentration per flask 2.75 mg. of N. 


Results 


Substrate Concentrations—A study of the effect of varying the amount of 
ornithine revealed the optimum concentration to be 0.0033 m when 2.3 to 
2.8 mg. of homogenate nitrogen were used per flask (Fig. 1). The synthesis 
of citrulline increased linearly to the optimum level. Further addition of 
ornithine had no influence on the quantity converted. At 0.0033 final 
molarity, 50 to 60 per cent of the ornithine was usually converted in 1 hour. 
This concentration is high compared to the amount of ornithine sufficient 
to maintain the operation of the complete urea cycle, in which the amino 
acid is continually regenerated. Preliminary work with homogenates 
showed that 0.0003 final molarity was as effective with the complete cycle 
as with any higher concentration. 

The effect of increasing concentrations of ammonium chloride is shown 
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in Fig. 2. In the presence of 0.033 to 0.067 m glutamic acid, 0.0067 mu 
ammonium chloride was apparently sufficient to saturate the system. 
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Fic. 3.[Effect of glutamic acid concentration on the formation of citrulline. Final 


substrate concentrations, ornithine 3.3 X 10-?m, ammonium chloride 6.7 xX 10° 
M, adenylic acid 1 X 10-*m. Tissue concentration per flask 2.64 mg. of N. 


TaBLeE I 
Percentage of Citrulline Synthesis with Glutamine 
Final substrate concentrations: glutamine 3.3 X 10-? m on the basis of 100 per cent 
purity (see ‘‘Preparations used”’ under “Procedures” for sources of glutamine samples); 
glutamic acid 3.3 X 10-* mM; ammonium chloride 6.7 K 10-* m and 3.3 X 107? M; orni- 
thine 3.3 X 10-3 m; adenylic acid 1 X 10-?m. Tissue concentration per flask, 2.45 
mg. of N. 





| Relative rate 





per cent 
Controls | Glutamic acid 3.3 X 107? mM, ammonium chloride 100.0 
6.7 X 10-3 
Glutamic acid 3.3 X 10-2 mM, ammonium chloride 95.4 
3.3 X 10°? 
Glutamine Samples A, B, and D 0-+-0.7 
Sample C 31.7 
E 27.4 
F 56.2 
2 


- G 55. 
> 
i) 


Isoglutamine 





The optimum glutamic acid concentration was far in excess of the am- 
monium chloride required (Fig. 3). <A ratio of glutamic acid to ammonium 
chloride to ornithine of 15 to 20:2:1 was found to yield optimum values. 
The peak of the glutamic acid curve was found to vary within 0.045 to 
0.067 m concentration from liver to liver, the rising portion of the curve 
being displaced proportionately. Both glutamic acid and ammonia were 
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essential, only 15 per cent of the optimum yield being obtained when glu- 
tamic acid at 0.067 m was incubated without ammonium chloride, and 2 to 
4 per cent when ammonium chloride at 0.0067 to 0.053 m was used alone. 
Experiments were carried out at two levels of glutamic acid, 10 and 20 times 
the concentration of ornithine. While the yield of citrulline increased 
another 20 per cent at the higher concentration, the trend of the results was 
identical. Typical data and curves were selected to represent the effect of 
different substrates on the system in the present paper. 

The reason for the requirement of both ammonia and glutamic acid, and 
particularly of the manifold excess of the latter, is not as yet apparent. 


TaBLe II 
Citrulline Synthesis with Compounds Other Than Glutamic Acid 


Final substrate concentrations: all compounds listed were present at 3.3 < 10-2 
ut; ornithine 3.3 X 10-8 M; adenylic acid 1 X 10-* mM; ammonium chloride at 6.7 X 
10-°m except with a-ketoglutaric, malic, fumaric acids, and glucose, for which the 
relative rates are shown in the order of increasing ammonia concentration from 
6.7 X 10° to 3.3 X 10°? m. No ammonia was used with asparagine. Tissue con- 
centration per flask 2.82 mg. of N. 




















Relative rate | Relative rate 

a? per cent per cent 
, | 

Glutamic acid.. 100.0 ee | 35.4-31.4 
Aspartic ‘‘ csoscoces.| B4 tw | 28.7 
Asparagine or a | Citric acid..... saaweeesae | 10.9 
a-Ketoglutaric acid...... 21.1- 7.8 | Lactic “ ........ | 6.5 
Oxalacetic acid = 3.5 | Glucose............ 5.3-14.8 
ES! ae | 26.7-26.2 | 











Various workers in the field have suggested the importance of glutamine 
in the synthesis of urea (9, 10). The possibility that glutamine was being 
synthesized from the glutamic acid and ammonia and entering into the re- 
action as a more specific donor of ammonia or the carbamino group of 
citrulline was explored. Experiments were devised in which glutamine 
replaced ammonium chloride and glutamic acid (Table I). The different 
samples tested showed a range of activity of 0 to 56 per cent of the control 
value. A synthetic product (Sample E), assaying 97 per cent pure, was 
27.4 per cent as active as glutamic acid plus ammonium chloride. Isoglu- 
tamine gave a value of 4 per cent compared with the control. 

Replacement of Glutamic Acid—Of a series of compounds tested in place 
of glutamic acid none showed more than 35 per cent of the activity of glu- 
tamic acid (Table II). Previous work with liver slices had shown a stimu- 
lation of urea synthesis by many of the components listed in a system in- 
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volving added ornithine and ammonia (1, 2, 10). However, in the case of 
homogenates, glutamic acid appears to have a relatively specific effect. 
The analogue, aspartic acid, and asparagine, its half amide, were inactive. 
As can be seen from Table II, the main components of the citric acid cycle 


Tase III 
Effect of Partial Replacement of Glutamic Acid with Other Compounds 


Final substrate concentrations: ornithine 3.3 X 107% mM; ammonium chloride 
6.7 X 10-? mM; adenylic acidl X 10-*m. Tissue concentration per flask, 2.53 mg. of N. 





Citrulline per mg. tissue N 








microliters 





Glutamic acid 0.013 m................... ~~ 37.8 
ra MET pa cena de cies eee 47.1 
. ** 0.013 ‘* + fumarie acid 0.013 m 34.6 
” ** 0.013 ‘* + succinic “ 0.013 ~ 33.2 
™ ** 0.013 ‘* + a-ketoglutaric acid 0.013 M.... $1.4 
- ** 0.013 ** + oxalacetic acid 0.013 m 1 43.6 
a ** 0.013 ** + lactic acid 0.013 m aig 35.5 
“ “ 0.013 ** + citric ‘“ 0.013 —.. 39.2 
2 | el ADENYL 








Fic. 4. Effect of adenylic acid and ATP concentrations on the formation of cit- 
rulline. Final substrate concentrations, glutamic acid 3.3 < 10-° Mm, ornithine 
3.3 X 10°? M, ammonium chloride 6.7 X 10-3 m. Tissue concentration per flask 


3.24 mg. of N. 


showed values ranging from 3.5 per cent activity with oxalacetic acid to 35 
per cent with fumaric acid. A few of these compounds were tested through 
a varying range of ammonium chloride concentration (0.0067 to 0.033 M). 
a-Ketoglutaric acid, malic acid, and fumarice acid showed a decrease in 
activity with an increase in ammonia. Glucose activity, on the other hand, 


increased with the ammonia concentration. 
The presence of other compounds in addition to a suboptimum concentra- | 
tion of glutamic acid (0.013 m) was in most cases no more effective than | 
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glutamic acid alone (Table III). Fumaric acid and suceinic acid decreased 
the yield of citrulline, but citric acid and lactic acid had no significant 
effect. While a-ketoglutaric acid and oxalacetic acid increased citrulline 
formation, they were only 38.7 and 62.4 per cent effective as an equal addi- 
tional quantity of glutamic acid. 

ATP and Adenylic Acid—Both ATP and adenylic acid stimulated the 
synthesis of citrulline (Fig. 4). Results obtained with ATP varied from 
liver to liver within 50 per cent of the values shown. In all probability 
its effect in this system is dependent on its prior hydrolysis to the more 
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Fic. 5. Effect of potassium ion concentration on the formation of citrulline. Final 
substrate concentrations, glutamic acid 6.7 X 10-2 M, ornithine 3.3 XX 107° m, am- 
monium chloride 6.7 X 10-* M, adenylic acid 1 X 10°? m. Tissue concentration per 
flask 3.22 mg. of N. 

Fic. 6. Effect of phosphate ion concentration on the formation of citrulline. Final 
substrate concentrations, glutamic acid 6.7 XK 10°? mM, ornithine 3.3 X 107? M, am- 
monium chloride 6.7 X 10-* m, adenylic acid 1 X 10-*m. Tissue concentration per 
flask 3.01 mg. of N. 


active adenylic acid. The fact that the latter reagent gave more consistent 
results at higher levels would indicate that it, per se or through the forma- 
tion of some intermediate other than ATP, is the more active component 
in this synthesis. 3 micromoles of adenylic acid were used per flask 
throughout the study. 

Cytochrome c—Since cytochrome c stimulated the synthesis only 7 per cent 
at the relatively high concentration of 0.000035 Mm, it was not used in sub- 
sequent experiments. 

Oxygen and Carbon Dioxide—No synthesis of citrulline from ornithine 
occurred anaerobically. Bicarbonate ions and gaseous CO» were used in all 
experiments throughout the study. The elimination of either added bi- 
carbonate or gaseous CO, from the incubation flask resulted in about 50 
per cent as much conversion as with the complete system. 
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Kidney Homogenate—No synthesis of citrulline was noted when kidney 
homogenate was incubated under the conditions found optimum for liver 
homogenate. 

Inorganic Ions—Stimulation by potassium ions increased linearly to the 
maximum possible concentration (Fig. 5). 250 per cent as much activity 
was seen when all the sodium ions, except that added as sodium bicarbonate, 
had been replaced by potassium ions. Since commercial potassium bicar- 
bonate contains magnesium ions as an impurity, it was not used in this 
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Fic. 7. Effect of magnesium ion concentration on the formation of citrulline and 
urea. Final substrate concentrations, glutamic acid 3.3 X 10~* Mm, ornithine 3.3 X 
10-* m, ammonium chloride 6.7 X 10-* m, adenylic acid 1 X 10-*m. Tissue concen- 
tration per flask 3.45 mg. of N. 

Fic. 8. Effect of pH on the. formation of citrulline. Final substrate concen- 
trations, glutamic acid 3.3 10 m, ornithine 3.3 X 10-* mM, ammonium chloride 
6.7]< 10-3 m, adenylic acid 1 X 10-*m. Tissue concentration per flask 2.8 mg. of N. 


Stimulation was also noted with phosphate ions (Fig. 6). Essentially 
no synthesis occurred in the absence of these ions. Maximum activity is 
reached at relatively low concentrations, 0.002 to 0.015 m. This latter 
molarity, added in the form of phosphate buffer, was used throughout the 
study. Higher concentrations inhibited the synthesis. The influence of 
phosphate ions suggests a specific effect, since concentrations of 0.002 m 
phosphate are too low to exert a significant buffering action in this system. 

The effect of magnesium ions on the synthesis of citrulline and urea is 
seen in Fig. 7. The absence of these ions resulted in the accumulation of 
citrulline. With an increase in concentration to 0.0015 m, more of the 
citrulline formed was converted to urea. Higher concentrations appear to 
inhibit both reactions. In previous work (3), the effect of magnesium ions 
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en the conversion of citrulline to arginine was interpreted on the basis of 
its reported influence on ATP breakdown (11). Data presented here point 
to a more specific réle of magnesium ions in that reaction. The possibility 
that citrulline accumulated as a result of stopping the urea cycle at arginine 
was investigated, since arginase requires covalent ions for activation. No 
arginine was found. Moreover, in the absence of any added ion, 0.0033 m 
arginine was found to be converted almost completely to urea in an hour by 
liver homogenate. 
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Fic. 9. Effect of incubation time on the formation of citrulline. Final substrate 
concentrations, glutamic acid 3.3 X 10-2 M, ornithine 3.3 X 10-* m, ammonium chlo- 
ride 6.7 X 10-° m, adenylic acid 1 X 10-*m. Tissue concentration per flask 2.53 mg. 


of N. 
Fic. 10. Effect of tissue concentration on the formation of citrulline and urea. 


Final substrate concentrations, glutamic acid 3.3 X 10-? M, ornithine 3.3 < 107? m, 
ammonium chloride 6.7 X 10-8 m, adenylic acid 1 X 10°? m. Tissue concentration 
per flask 2.81 mg. of N. 


Manganese ions below 0.001 mM exerted approximately the same effect as 
magnesium ions. 

Effect of pH—The range between pH 7.1 to 7.2 was optimum for the 
synthesis of citrulline (Fig. 8). Both bicarbonate-carbon dioxide and phos- 
phate buffers were used to maintain pH. The concentrations of bicar- 
bonate to be added to the media were calculated from the Henderson- 
Hasselbalch equation on the basis of a 5 per cent CO, content in the gas 
phase. At the optimum pH of 7.15, the concentration of the bicarbonate 
added to the media was 0.008 mo. 

Incubation Time—Production of citrulline usually slowed down abruptly 
after 50 to 60 minutes of incubation (Fig. 9). At this time, approximately 
50 to 60 per cent of the ornithine added was found to be converted. The 
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reason for this abrupt decrease in the rate of synthesis is not clear. No 
citrulline disappeared within that time, nor was there any significant 
amount of urea formed. The possibility exists that ornithine is being re- 
moved in this system by some other reaction. 

Tissue Concentration—In the absence of magnesium ions, citrulline.ac- 
cumulated in incubation flasks containing from 0.5 to 4 mg. of tissue nitro- 
gen (Fig. 10). The conversion of citrulline to urea in this range of tissue 
concentration was very small. As the tissue concentration was increased, 
less citrulline and more urea were formed. The shape of these curves sug- 
gests two possibilities: (1) that either the presence of urea inhibits the 
formation of citrulline, or (2) that a protein-bivalent ion complex catalyzes 
the disappearance of the amino acid. The former possibility was eliminated 


TaBLe IV 
Effect of Inhibitors on Synthesis of Citrulline 
Final substrate concentrations: glutamic acid 6.7 X 10°? mM; ornithine 3.3 X 10-3 
M; ammonium chloride 6.7 X 10-3 M; adenylie acid 1X 10-° mM. Tissue concentration 
per flask, 2.81 mg. of N. 








Inhibitors Final molarity Per cent inhibition 

Arsenite 0.001 97.0 
Cyanide 0.001 96.1 
Todoacetate 0.01 72.5 
Azide 5 0.001 14.8 
Malonat« bie Eww teoeara 5 0.003 15.7 
ee 0.0057 58.8 
0.001 ‘O86 


Calcium ions.. 


through experiments which showed that urea had no inhibiting effect. The 
existence of a magnesium-activated enzyme catalyzing the conversion of 
citrulline to arginine, on the other hand, is not unlikely. The fact that 
there is little citrulline converted at low tissue concentrations in the ab- 
sence of magnesium ions indicates that the ion-protein complex exists in 
favor of the inactive dissociated form. Thus an increase in homogenate 
nitrogen per flask correspondingly increases the concentration of the com- 
bined form to a point at which the rate of citrulline conversion exceeds the 
rate of its formation. In the presence of magnesium ions no citrulline ac- 
cumulated at any tissue nitrogen level. 

Inhibitors—Of a group of various inhibitors tried (Table IV), arsenite, 
cyanide, and calcium ions inhibited almost completely at 0.001 m. Since 
these substances are known to affect oxidative mechanisms, their effect in 
this system was not unexpected. 

Of interest was the finding that fluoride stimulated the synthesis of 
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citrulline in concentrations up to 0.007 m (Fig. 11). 0.05 m was required 
for almost complete inhibition. In previous work, fluoride was found to 
inhibit the conversion of citrulline to arginine almost completely at 0.01 m 
(3). This differential inhibition by fluoride of the two reactions can also be 
used to advantage in studying the synthesis of citrulline. 

The magnitude of inhibition seen with the other substances listed in 
Table IV is similar to that observed with the transimination reaction with 
the exception of malonate which is less effective in this system. Studies on 
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Fic. 11. Effect of fluoride concentration on the formation of citrulline. Final 
substrate concentrations, glutamic acid 6.7 X 10-? M, ornithine 3.3 X 107? mM, am- 
monium chloride 6.7 X 10~* Mm, adenylic acid 1 X 10°*m. Tissue concentration per 
flask 3.22 mg. of N. 

Fic. 12. Effect of caffeine and theophylline on the formation of citrulline. Final 
substrate concentrations, glutamic acid 6.7 X 10-2 Mm, ornithine 3.3 X 107? m, am- 
monium chloride 6.7 X 10-3 M, adenylic acid 1 X 10-*m. Tissue concentration per 


flask 2.11 mg. of N. 


caffeine inhibition of urea synthesis have been carried out by Bernheim and 
Bernheim (12). They found that caffeine and like derivatives inhibited 
the disappearance of ammonia in liver and kidney slices and the synthesis 
of urea in liver slices and in man in vivo. A study of a series of purines 
revealed that caffeine and theophylline inhibited the synthesis of citrulline 
from ornithine and not at all the transimination reaction. Inhibition by 
theophylline was more marked than by caffeine (Fig. 12). 


DISCUSSION 


On the basis of the present data and those previously reported (3, 13), 
it is apparent that the enzymatic steps in the synthesis of urea by mam- 
malian liver can be studied in properly fortified cell-free systems. The 
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need for coupling with some energy-yielding mechanism is indicated from 
these studies. The greater effectiveness of adenylic acid over that of ATP 
in the conversion of ornithine to citrulline would suggest either a specific 
effect of adenylic acid or the mediation of an energy-coupling reaction 
which does not involve ATP as such. 

The apparently obligatory réle of glutamic acid in both the conversion of 
ornithine to citrulline and of citrulline to arginine is of particular interest. 
This key réle of glutamic acid in the urea cycle again supports the unique 
position of this amino acid in intermediary metabolism. The recent finding 
of Krebs, Eggleston, and Hems (14) that liver homogenates are capable of 
rapidly forming glutamic acid from a-ketoglutaric acid and ammonia under 
anaerobic conditions provides a mechanism for supplying glutamic acid 
from the intermediary metabolic pool of nitrogen compounds for the 
transimination reaction as well as for the conversion of ornithine to cit- 
rulline. It is of interest to point out that any amino acid capable of 
transamination with a-ketoglutaric acid could contribute its nitrogen to 
urea without having to undergo primary oxidative deamination. 

While the réle of glutamic acid in the transimination reaction is clear, 
its réle in the conversion of ornithine to citrulline is obscure. The need for 
concentrations of glutamic acid 10 to 20 times that of ornithine or ammonia 
does not permit any simple stoichiometric relationship. Further, the 
requirement for ammonium ions in the presence of high glutamic acid 
concentrations makes the possibility of direct amino group transfer from 
glutamic acid unlikely. The possible réle of glutamine in this system would 
seem to be excluded from the data presented. Another possibility is that 
glutamic acid is required as a cometabolite for an energy-yielding system 
coupled with the synthesis of citrulline from ornithine. This is somewhat 
difficult to accept in view of the specificity for glutamic acid in this system. 
More direct information on this point is anticipated from projected studies 
with isotopically labeled glutamic acid. 

It should be pointed out that the system reported here capable of syn- 
thesizing citrulline from ornithine, carbon dioxide, and ammonia has been 
considered as a single enzymatic step. It is highly probable that at least 
two reactions are involved in this synthesis and consequently an analysis 
of the réle of the various reactants will be difficult until these enzymatic 
steps are resolved. 

SUMMARY 


1. The conversion of ornithine to citrulline has been demonstrated to 
occur in rat liver homogenates in the presence of glutamic acid, ammonium 
ions, adenylic acid or adenosine triphosphate, phosphate, and bicarbonate- 
carbon dioxide buffers. ATP was found to be 50 per cent as effective as 
adenylic acid. 
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2. Components of the citric acid cycle and other compounds similar to 
glutamic acid showed only up to 56 per cent as much activity as glutamic 
acid when substituted in part or completely for the acid. 

3. The formation of citrulline is stimulated by phosphate and potassium 
jons. 

4. The reaction proceeded maximally at a pH of 7.15. 

5. In the presence of magnesium ions and high homogenate tissue con- 
centrations, the citrulline formed was converted to urea. 

6. Fluoride stimulated the synthesis up to 0.007 m concentration; com- 
plete inhibition occurred at 0.05 m. Caffeine and theophylline progres- 
sively inhibited the reaction with increasing concentrations. 

7. The significance of these findings in relation to the Krebs-Henseleit 
urea cycle is discussed. 
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The transamination reaction of Braunstein and Kritzmann (1) has been 
studied in green plant tissue by Virtanen and Laine (2), Cedrangolo and 
Carandante (3), Albaum and Cohen (4), and Rautanen (5). Since few 
data have been presented on the distribution of the transaminase enzymes 
in various plant tissues and kinds of plants, more data are necessary in 
order to evaluate the réle of the transamination reaction in protein me- 
tabolism. 

The occurrence of the aspartic-glutamic transaminase was investigated 
in the parts of twenty-two plant species at various ages. 


Methods 


Preparation of Enzyme Extract—Extracts were prepared by comminution 
of plant tissue with a Nixtamal mill, by hand grinding with sand, or with a 
glass homogenizer (6). Samples were ice-cooled either before or im- 
mediately after grinding. Extracts were adjusted to pH 8.0 with the aid 
of a glass electrode. All preparations were centrifuged in a Beams air- 
driven, “spinning top” centrifuge (7) and the supernatant was employed. 
Total nitrogen of homogenates and saps was determined by the semimicro- 
Kjeldahl method (8). 

The embryos used in the studies were prepared by sterilizing seeds with 
1:1000 HgCl,. The seeds were soaked in sterile distilled water on blotting 
paper in Petri dishes and then germinated by incubation in a moist chamber 
in the dark at 30°. Barley was grown under controlled conditions of 
moisture and temperature in a malting chamber. Embryos were carefully 

| dissected from the seeds and homogenized in ice-cold 0.1 m phosphate 
buffer (pH 8.0). Unheated wheat germ (2 per cent by weight in buffer 
solution) was likewise homogenized. 

The 2, 4, and 6 week-old plants used in the experiments were grown in a 
greenhouse in sand supplied with nutrient solution. In sampling, petioles 
were treated as stem tissue. Leaf tissue included only the leaf blade. 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. These studies were supported in part by the Research Com- 
| mittee of the Graduate School from funds supplied by the Wisconsin Alumni Re- 
search Foundation. 
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After grinding, the sap was expressed through cheese-cloth and centrifuged. 
In almost all experiments the undiluted sap was used. 

Analytical Methods—Glutamic acid was determined with a bacteria] 
decarboxylase as described by Umbreit and Gunsalus (9). Oxalacetic acid 
was determined by the aniline citrate method (10). 

Substrates—Oxalacetic acid was prepared from sodium diethyl! oxalace- 
tate (10), and the a-ketoglutaric acid was kindly supplied by Dr. F. H. 
Stodola (11). Merck amino acids were used. 


Procedure 
The following transamination reaction was studied: 


(a) 


(1) 1u-Glutamic acid + oxalacetic acid ——— a-ketoglutaric acid + L-aspartic acid 
(b) 


The forward reaction, Reaction 1, a, was carried out in 18 X 150 mm. 
test-tubes which were attached to a mechanical shaker and immersed in a 
water bath maintained at 30°. No attempt was made to provide anaerobic 
conditions. A 4 to 5 ml. sample of the transaminase preparation (pH 8.0) 
was incubated with 2.0 ml. of 0.06 m oxalacetic acid for 10 minutes. Then 
2 ml. of 0.06 m glutamic acid (pH 8.0) were added and the reaction allowed 
to proceed for various incubation periods. The reaction was stopped by 
the addition of 1.0 ml. of 10 per cent sulfuric acid. Controls containing 
oxalacetic acid and enzyme and controls containing glutamic acid and 
enzyme to test recovery were included. In order to decompose any 
remaining oxalacetic acid, the contents of the tubes were adjusted to pH 2.0 
and were immersed in a boiling water bath for 1 hour. After cooling, the 
samples were carefully adjusted to pH 5.0, transferred to 10 ml. volumetric 
flasks, and made up to volume. Each sample was then centrifuged and a 
2.0 ml. aliquot was placed in a Warburg flask for analysis. After a 10 
minute equilibration period at 30°, 0.5 ml. (10 mg.) of glutamic acid de- 
carboxylase preparation (9), suspended in potassium acid phthalate buffer 
(pH 5.0), was added from the side arm and evolution of CO, was measured. 

For measuring the reverse reaction, Reaction 1, 6, the enzyme prepa- 
ration and 0.5 ml. of 0.03 m pi-aspartic acid (pH 8.0) were placed in the 
main compartment of the Warburg flask. In one arm 0.5 ml. of 0.03 m 
a-ketoglutaric acid (pH 8.0) was placed, and in the other side arm 0.5 ml. 
of aniline citrate (equal volumes of 50 per cent citric acid and freshly 
distilled aniline). After 10 minutes equilibration at 30°, the a-ketoglutaric 
acid was mixed with the sample and the transamination reaction allowed 
to proceed. The reaction was stopped and analyzed by adding the aniline | 
citrate. The decomposition of the oxalacetic acid formed in the transami- 
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nation reaction was essentially complete in 10 minutes. Controls with 
a-ketoglutaric acid omitted were included. 


Results 
Germinating Seed Embryos—Table I presents data on the ability of 


germinating seed embryo homogenates to catalyze Reactions 1, a and 1, b. 


TABLE | 
Transamination in 48 Hour-Old Germinating Seed Embryos 








Reaction 1, a Reaction 1, 5 
Germinating seed pe Control 
period sates A Transam- Or (NY Oxalacetic Transam-| (N)t 
nade oe inationt | * acid formed | ination§ tT 
enzyme)* 
min per cent per cent micromoles | per cent 
Green beans 5 1.36 9.1 21.6 
10 82 32.4 75.2 1.86 12.5 14.5 
Sweet corn 5 2.19 14.7 46.0 
10 S6 47.8 116.0 2.28 15.5 24.3 
Garden peas 5 0.29 2.0 6.2 
10 S6 29.6 83.6 0.69 4.6 7.4 
fadish 5 2.24 15.0 32.8 
10 85 33.8 73.8 2.56 17.2 18.8 
Cucumber 10 S6 52.5 64.7 
Clover 5 1.04 7.0 19.7 
10 86 21.5 61.1 1.22 8.2 11.6 
Soy beans 10 S3 32.9 38.2 1.66 11.2 8.1 
Vicland oats 10 45.3 188.7 





* The percentage of initial glutamic acid (24 micromoles in the aliquot assayed, 
equivalent to 538 microliters of CO, on decarboxylation) added to the controls which 


remained at the end of the transamination period. 
+ The percentage of initial glutamic acid which was consumed in Reaction 1, a. 
t Q, (N) = (micromoles of amino acid transaminated)/(mg. of N X hours). 
§ Percentage of initial added aspartic acid which was transaminated, as measured 


by oxalaceti acid formation. 


In the controls for Reaction 1, a, in which glutamic acid and the enzyme 
preparation were incubated (no oxalacetic acid added) and the amount of 
glutamic acid then determined, a small amount of the initial glutamic acid 
disappeared. Since this amount may easily have been consumed by means 
of the transamination reaction, it was decided to base percentage transami- 
nation on the initial quantity of glutamic acid present. The percentages 
of transamination in 10 minutes for Reaction 1, 6 are one-half to one-third 
those for Reaction 1, a. This ratio agrees with that recorded in the 
literature for oat seedlings (4). 
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Transamination in Barley; Reaction 1, b 




















Variety | Age —— Transamination Or (N) 
hrs. min | per cent 
Reno | 24 5 | 9.6 59.2 
10 13.1 40.4 
15 17.4 35.8 
Manchuria 24 5 9.5 48.6 
10 13.3 33.8 
15 16.7 28.5 
Korsbyg 24 5 11.8 41.3 
10 13.1 22.9 
Kindred 24 5 12.4 43.4 
10 13.3 23.3 
Reno 72 5 8.9 72.0 
10 12.3 50.1 
15 14.9 40.3 
Manchuria 72 5 9.9 70.8 
10 1.9 42.8 
15 15.8 36.5 
Korsbyg 72 5 8.0 27.5 
10 10.5 18.6 
Kindred 72 5 9.9 34.0 
10 12.1 20.8 
Reno 120 5 9.5 72.7 
10 9.8 38.0 
15 14.2 36.8 
Manchuria 120 5 8.2 46.0 
10 13.8 38.5 
15 13.9 25. 
Korsbyg 120 5 8.9 32.5 
1( 12.9 23.6 
Kindred 120 5 53.3 36.9 
10 14.0 23.1 
Moisture Nitrogen (dry weight basis) 
per cent per cent 
Reno 47.2 2.49 
Manchuria 45.4 2.43 
Korsbyg 48.5 2.23 
Kindred 48.5 2.28 








Reaction 1, 6 was studied in several varieties of barley at various stages 
of malting. The values obtained are recorded in Table II. 


Two varieties, 
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Reno and Manchuria, have a high nitrogen content and germinate rapidly. 
Both germinated while being steeped and were quite advanced at the 24 
hour stage. Korsbyg and Kindred, on the other hand, have a lower 
nitrogen content and germinate slowly. The faster germinating barley 
had the higher transaminase activity; Q; (N)! values at all stages were 
much higher than those for the more slowly germinating barley. It is of 
interest to note the sharp fall of transaminase activity of 72 hour-old 
embryos of the Korsbyg and Kindred varieties. Q- (N) values were high 
at 24 hours, decreased at 72 hours, and then increased again at 120 hours. 
These temporal changes did not occur with the Reno and Manchuria 
varieties. The competition of other enzymatic systems is probably more 
in evidence in the slower germinating barley, Korsbyg and Kindred, than in 
the faster germinating barley. 
Taste III 


Transamination in Wheat Germ 





Reaction 1, @ Reaction 1, 5 


Transamination _ ee 








period Glutamic acid| Transami- On (N Oxalacetic Transami- oe (N) 
transaminated nation seins acid formed nation Cr 
min. micromoles per cent micromoles | percent | 
5 5.22 21.7 73.6 1.56 10.5 24.0 
10 7.14 29.7 52.6 2.09 14.0 16.0 
15 8.12 33.8 39.8 2.60 17.3 13.3 
20 9.81 40.8 36.2 2.42 16.2 





Wheat Germ—The transaminase activity of commercial unheated wheat 
germ Was investigated; its use was suggested to us by Dr. P. P. Cohen who 
had found it a convenient material with high transaminase activity. 
Table III presents data obtained for Reactions 1, a and 1,b. Examination 
of the percentages of transamination for the different periods of time reveals 
that Reaction 1, a is about 3 times as fast as Reaction 1, b. This ratio 
again agrees with that recorded in the literature (4). 

Wheat germ preparations were also tested for their ability to transfer 
the amino group from alanine to a-ketoglutarate. This transamination, 
as measured by pyruvate formation, occurred at a rate comparable to that 
of Reaction 1 and gave a Qy (N) of 40.6 over a 10 minute period. 

Young and Mature Plant Tissue—The distribution of glutamic-aspartic 
transaminase was studied in a number of young and mature plants. Values 


1Q,(N) = (micromoles of amino acid transaminated)/(mg. of N X hours). This 
expression of transamination on a micromolar basis when multiplied by 22.412 is 
equivalent to the Qrw on an equivalent CO, basis as used by Lichstein and Cohen 


(12). 
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Plant 





Soy bean 


Potato 


Tomato 


Beet 


Lettuce 


Cabbage 


Barley, Manchuria 
" Korsbyg 


Carrot 


Squash 


Green tomatoes 


‘* apples 
Garden peas 


10 
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10 


10 


TABLE IV 





| Pods 





|Transami- | 

Tissue nation 

period 

min. 

| Leaf 10 
| Stem 10 
Root 10 
Leaf 10 
Stem 10 
Root 10 
Nodules 5 
10 

Leaf 10 
Stem 10 
Root 10 
Leaf 10 
Stem 10 
Root 10 
Leaf 10 
Stem 10 
Root 10 
Leaf 10 
Stem 10 
Root 10 
Leaf 10 
Stem 10 
Root 10 
Leaf + stem 10 
Root 10 
Leaf + stem 10 
Root 10 
Leaf 10 
Stem 10 
Root 10 
Leaf + stem 10 
~ ide Ss 10 
Root 10 
Leaf 10 
Root 10 
Fruit 10 
= 10 
10 

Leaf 10 
Stem 10 
5 


10 


Transamination in Plant Tissue; Reaction 1, b 
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TABLE [V—Concluded 






































: é 
Plant | Age | Tissue a —— tha 2 
} period formed 

wks. min. micromoles | per cent 
Kohlrabi 12 Leaf 10 1.07 3.9 
Stem 10 2.29 15.4 16.6 
Green beans 9 Leaf 10 1.84 12.4 6.4 
Stem 10 3.07 | 20.6 9.7 
Root 10} 1.86 12.4 | 22.2 
Nodules | 10 | 2.33 | 15.6 | 19.7 
Maple Leaf 10 | 0.40 | 2.7 6.0 
Pine Needles 10 | 0.00 | 0.0 0.0 

TABLE V 
Transamination in Plant Tissue; Reaction 1, a, 10 Minutes 
Control | Glutamic | 
Plant Age Tissue (glutamic a —— Qr(N) 
enzyme nated 
wks per cent micromoles per cent 

Soy bean 10 Nodules 80 9.32 39.1 | 82.0 
Potato 2 Root 81 7.85 32.9 146.3 
Stem 89 6.51 27.3 | 102.2 
Leaf 86 8.70 36.5 29.0 
Tomato 6 Leaf 6.25 26.2 35.2 
Root 9,24 38.7 | 111.0 
Garden peas 12 Pods S82 10.00 41.8 33.7 
Squash 10 ~— Leaf 80 13.47 56.5 45.5 
Barley, Korsbyg 2 vs 89 7.90 33.1 44.2 








for Reaction 1, are presented in Table IV. Soy beans, potatoes, tomatoes, 
and beets were investigated at the 2 week stage and again at the 6 or 10 
week stage. Transamination ability tended to decrease with age in soy 
beans, tomatoes, and beets, but 6 week-old potato plants showed a slightly 
greater activity than the 2 week-old plants. The greatest activity, ex- 
pressed on a nitrogen basis, was always found in the roots (except beet and 
cabbage). In all examples cited greater activity was found in the leaves of 
the 2 week-old plants than in the leaves of mature plants (except potato). 
Carrot root had an abnormally high Q; (N). Roots and nodules of green 
beans were more active than the leaves or stems. The active nitrogen 
metabolism in green pea pods probably accounted for the high values in the 
pods, in contrast to the lower values found in the other tissues of the pea. 
The fleshy stem of kohlrabi had high activity and this was also true of 2 
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week-old cabbage stems. The presence of transaminase in squash fruit was 
of interest. The enzyme could not be detected in any appreciable amounts 
in such fruits as green apples or green tomatoes. 

Reaction 1, a was also studied in various plant tissues. The results are 
presented in Table V. Greatest activity, on a nitrogen basis, is again 
exhibited by the roots. 

DISCUSSION 

Transaminase activity was demonstrated in various tissues from many 
types of plants. Activity was always found in tissues containing significant 
quantities of crude protein, but in tissues low in protein, such as green 
apples, green tomatoes, maple leaves, and pine needles, marked activity 
could not be demonstrated. Although mature plants generally have a less 
intense protein metabolism than germinating seeds, their tissues showed 
high transaminase activity. The Q,7 (N) values for many mature tissues 
were of the same order of magnitude as for germinating seeds. Leaves had 
active systems, showing a higher percentage transamination of substrate 
in a given length of time per ml. of sap than did either roots or stems, 
However, a more valid comparison can be made from the Qy (N) values 
which are based on the nitrogen content of the enzyme preparations; roots, 
with a low nitrogen content, showed higher Q7 (N) values than leaves. 
In view of the general occurrence and high activity of transaminase in 
plant tissues, it seems probable that transamination functions actively 
in the protein metabolism of plants. 


SUMMARY 

1. Embryos of germinating seeds were tested for their ability to catalyze 
the forward and reverse glutamic-aspartic transamination reaction. In the 
ease of malt sprouts the transamination quotient tended to increase with 
age and leveled off at the 120 hour stage. 

2. Very active transaminases, catalyzing both the glutamic-aspartic and 
glutamic-alanine transaminations, were found in unheated wheat germ. 

3. The presence and distribution of aspartic-glutamic transaminase in 
mature higher plants was demonstrated. Leaf, stem, root, fruit, and 
nodular tissue all catalyzed the reaction. Leaf tissue was found to be very 
active per unit volume of sap, but roots and nodules had higher Q+(N) 
values. 

4. The transamination rate per unit of tissue decreased with age in the 
growing plant. At maturity the Q+ (N) values for the various tissues were 
markedly lower than for the 2 week-old plant tissues. 
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THE ENZYMATIC DEGRADATION OF COZYMASE AND] THE 
INHIBITORY ACTION OF a-TOCOPHERYL 
PHOSPHATE 
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A cozymase nucleotidase, the activity of which is inhibited by nicotin- 
amide, was postulated by Mann and Quastel (1) as existing in rat brain, 
kidney, and liver. Later, Handler and Klein (2) made a study of the end- 
products of pyridine nucleotide breakdown by animal tissues and found 
that the first product to be formed is nicotinamide. Since the dinucleotide 
js split at a typical nucleosidic linkage and phosphate is not liberated 
primarily, the enzyme concerned in this paper will be referred to as a nu- 
cleosidase. 

Houchin (3) reported that a-tocopheryl phosphate (a-TPh) lowers 
toward normal levels the high rate of oxygen consumption of dystrophic 
muscle slices from rabbits and hamsters. This decrease he concluded was 
accomplished through a suppression of the succinoxidase activity of the dys- 
trophic muscle. Recently, Basinski and Hummel (4) have shown that, 
contrary to Houchin’s findings, the succinoxidase activity of dystrophic 
muscle is not abnormally high. This, however, does not negate the pos- 
sibility that the lowering of the QO, of dystrophic muscle tissue by added 
a-TPh may be due, in part, to a suppression of succinoxidase activity. 

Govier et al. (5) have reported marked inhibition of the succinoxidase 
system of guinea pig heart by a-TPh. More recently, working with tis- 
sues from vitamin E-deficient animals, he has shown (6) that either a-TPh 
or digitoxin greatly increases the inhibition of the succinodehydrogenase 
system caused by diphosphopyridine nucleotide (DPN). He postulated 
the following mechanism as an explanation of this effect: a-TPh inhibits 
DPN-nucleosidase, thereby helping to preserve DPN. In turn, DPN aids 
in the conversion of malate to oxalacetate, which is a potent antagonist of 
succinodehydrogenase 





the system succinate — fumarate. 

It is the purpose of this paper to report some more direct studies on the 
enzyme system in animal tissues, which in vitro causes the liberation of 
nicotinamide from DPN. Particular attention has been accorded the 
effect of a-TPh on the system; digitoxin, inositol, and calcium ions have 
also been tested for possible inhibition or stimulation of nucleosidase 
activity. 
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Materials 


DPN, prepared from yeast, was obtained commercially.1_ The purity 
of the material was determined by ultraviolet absorption measurements 
(7) in the Beckman spectrophotometer and the manufacturer’s statement 
of DPN conten* was confirmed. All of the DPN was present in the oxi- 
dized form. 

Disodium a-TPh used in these experiments was a synthetic preparation.? 

Albino, Wistar strain rats of either sex were employed as the tissue source, 
These animals had been maintained on a diet of “master dog cubes” 
(Toronto Elevators). The tissue samples were homogenized in 0.9 per 
cent saline and centrifuged; the residue was washed twice in the centrifuge 
tube with fresh saline and was finally diluted to a suitable volume with 
0.02 m phosphate buffer at pH 7.2. 


Methods 


Test reactions were carried out in 15 ml. centrifuge tubes, each of which, 
unless otherwise specified, contained 0.5 ml. of a solution containing 1.2 
micromoles of pure DPN, 0.5 ml. of a solution of a-TPh or other substance 
under test, and 1.0 ml. of washed tissue homogenate diluted with phosphate 
buffer. In the control tubes, distilled water replaced the suspected in- 
hibitor. The tissue homogenate was added by pipette after the tubes and 
solutions had been equilibrated in the water bath at 37°. The total volume 
of the test mixture was 2.0 ml. 

After digestion for 20 minutes at 37° the reaction was stopped and the 
protein precipitated by the addition, with thorough mixing, of 1.0 ml. of 
0.11 m zine sulfate solution followed by 1.0 ml. of a 0.1 N solution of sodium 
hydroxide. After centrifuging, 2.0 ml. of the supernatant fluid were re- 
moved by pipette and the nicotinamide content was determined in the 
Coleman spectrophotometer according to the method of Melnick and 
Field (8). In applying this method it was found that the color which 
developed on the addition of the aniline reached its maximum intensity in 
5 to 10 minutes and deviated from the maximum by less than 3 per cent 
during the following 30 minutes. Readings of the test solutions were made 
at the convenient interval of 30 minutes after the aniline was added. It 
was necessary to prepare a standard curve with each series of determina- 
tions, since it was found that the position of the curve fluctuated, while 
its shape remained relatively constant. 


1 Obtained from the Schwarz Laboratories, Inc., 202 East 44th Street, New York. 
Lot 1 contained 40 per cent DPN and Lot 2 contained 60 per cent DPN. 

2 This material was kindly supplied by Dr. J. G. Baxter, Distillation Products, 
Inc., Rochester, New York. 
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Of a number of substances tested as protein precipitants in the prepara- 
tion of the samples for analysis, only the zinc hydroxide achieved satis- 
factory precipitation. This technique yielded a protein-free supernatant 
fluid with recoveries of 100 + 2 per cent of nicotinamide which had been 
added to the original mixture. Negligible amounts of free color-producing 
substances were found in any of the dilute washed tissue preparations used 
in these experiments. 


EXPERIMENTAL 


Investigations showed that the optimum pH for enzyme activity is in 
the region of 7.2, this being the initial pH of the buffered homogenate 
(Fig. 1). During the digestion period, no detectable shift in pH occurred. 
Preliminary tests were necessary, with each enzyme preparation, to deter- 
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Fic. 1. The effect of pH on the activity of DPN nucleosidase. The points repre- 
sent the micromoles of nicotinamide released from 1.2 micromoles of DPN by three 
concentrations of the nucleosidase from brain on hydrolysis for 20 minutes at 37°. 


mine the proper homogenate dilution which allowed approximately a 50 
per cent hydrolysis of the substrate in 20 minutes. When the enzyme ac- 
tivity was low, some compromise was occasionally necessary to avoid 
difficulties in obtaining complete precipitation of protein from the digests. 

It was found that the rate of hydrolysis of the added DPN was linear 
for at least 20 minutes under these conditions. Several determinations of 
the K,, of the nucleosidase gave values between 1.0 K 10° * and 5.6 X 10° 
mM within the range typical of hydrolytic enzymes. Since the enzyme 
preparations were by no means pure, no attempt was made to establish 
this value exactly. 

A comparison of the activities of the various tissues studied is compiled 
in Table I from the results obtained on several groups of rats. Assays 
were run on pooled tissue samples. The data are not comparable to those 
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reported by Handler and Klein (2), for these workers found complete 
hydrolysis of DPN in the brain digests. It is quite probable, in the light 
of the present findings, that their preparation from brain tissue might have 
degraded much more DPN had higher concentrations been present. 

In studying the inhibitory effect of a-TPh on the nucleosidase, several 
difficulties were encountered. In unwashed preparations, inhibition by 
a-TPh was not apparent, probably because of the presence of some im- 
purity, soluble in saline, which inactivated or removed the a-TPh. With 
washed preparations from brain there was a decided inhibition of 
nucleosidase activity with increasing amounts of a-TPh. A typical result 
is shown in Fig. 2. Inhibition increased rapidly until the a-TPh concen- 
tration reached 1.96 micromoles in each digest; further increases in in- 
hibitor concentration caused a less rapid increase in the degree of inhibition. 
The data in Table IT illustrate the effect of various levels of a-TPh on the 
activity of the brain enzyme at several substrate concentrations. 


TABLE I 


v¢ lative Act fy of DPN Nucleosidase n Rat Tissue 








I Relative nucleosidase I Relative nucleosidase 
issue€ issue 
activity activity 
Brain* 100 Liver 22 
Lung 28 Kidney 21 
7 Muscle Ss 


Heart 2% 


* The nucleosidase per gm. of dry brain, under the conditions of these experiments, 


split approximately 15 mu of DPN in 20 minutes 


That the inhibition of nucleosidase activity by a-TPh is also found with 
the crude enzyme prepared from lung, heart, muscle, kidney, and liver 
may be seen from the data in Table HI. Quantitatively, much higher 
a-TPh concentrations are required with tissues other than brain to achieve 
an equivalent degree of inhibition. This may be due to some interaction 
of the a-TPh with protein which is present in larger amounts in the very 
concentrated homogenates of these other tissues. 

Govier has demonstrated that digitoxin has an effect on succinodehydro- 
genase and on lactic dehydrogenase, which is similar to that of a-TPh. The 
results shown in Fig. 3 tend to suggest that the digitoxin acts by a different 
mechanism, since no direct effect on the nucleosidase activity is evident.’ 
It was necessary to include some alcohol in order to get appreciable amounts 
of digitoxin into solution. Control tests showed that any inhibition pro- 


*A personal communication with Dr. Govier indicates that he has reached the 
same conclusion. 
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Fic. 2. The inhibitory effect of a-TPh on the DPN nucleosidase of rat brain 
homogenate. Each digest contained 1.2 micromoles of DPN. 

Fic. 3. The effect of digitoxin on the activity of DPN nucleosidase. Small 
amounts of aleohol were introduced to aid in the solution of the digitoxin. The 
circled points indicate the effect of concentrations of aleohol alone which correspond 











e 
to those amounts used in dissolving the glycoside. 
Tase II 
a-TPh Inhibition of Brain DPN Nucleosidase at Different Substrate Levels 
ts, Micromoles in digest | 
Nicotinamide released Per cent inhibition 

DPN a-TPh 
th micromoles 
er 0.6 0 0.28 0 

0.6 0.59 0.16 43 
al 0.6 1.18 0.14 50 
ve 0.6 2.35 0.07 75 
yn 1.2 0 0.48 0 
“y 1.2 0.59 0.42 12 
' 1.2 1.18 0.28 42 

1.2 2.35 0.13 75 
" 1.8 0 0.56 0 
le 1.8 0.59 0.50 ll 
it 1.8 1.18 0.32 43 
3 1.8 2.35 0.17 70 
is 
* | duced by the digitoxin in alcohol could be traced directly to the alcohol. 
1e This inhibition by alcohol seems to be due to precipitation of DPN rather 


than to a direct action on the nucleosidase. 
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Work done by Milhorat and Bartels (9), with patients suffering from 
muscular dystrophy, suggested that tocopherol forms a condensation 
product with inositol in the gastrointestinal tract. This inspired an in- 


Tas_e III 
Inhibition of DPN Nucleosidase of Various Tissues by a-TPh 


DPN concentration 1.2 micromoles in each digest. 














ae | Nicotine- Dm, POS wp. i, | Nicotine 
Nugeeiace | oTpain | ‘mide ce | Existes | Nudegidee | TPR in | mide re | ecm 
| 
micromoles | micromoles micromoles micromoles 
Brain 0 | 0.57 0 Liver | 0 | 0.60 0 
4.9 | 0.10 82 1.9 0.60 0 
Lung 0 0.51 0 9.8 0.53 12 
| 4.9 | 0.45 12 Kidney 0 0.38 | 0 
| 9.8 0.32 | 37 | 4.9 0.31 | 18 
Heart | 0 0.45 0 Musele | 0 0.32 | O 
; 40 | Gs 20 | 4.9 0.23 28 
| 9.8 | 0.19 58 9.8 0.19 | 41 





* Washed homogenate diluted to a suitable level. 


Tasie IV 
Effect of Inositol, with and without a-TPh,on DPN Nucleosidase of Rat Brain 
and Liver 





Micromoles in digest 
Nicotinamide released 





Enzyme source a 








Inositol | a-TPh 
micromoles 
Brain 0 0 0.37 
3.3 0 0.37 
22.2 0 0.37 
33.3 0 0.37 
0 1.96 0.09 
5.55 1.96 0.09 
11.1 1.96 0.08 
22.2 1.96 0.09 
Liver 0 0 0.43 
0 8.69 0.17 
24.7 8.69 0.17 
24.7 0 0.49 





vestigation of a possible effect of inositol on the nucleosidase system, either 
directly or through the a-TPh inhibition mechanism. Table IV summarizes 
the results obtained. The inositol in vitro affected neither the activity of 
the nucleosidase nor the degree of its inhibition by a-TPh. This was true 
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for both liver and brain homogenates, as is shown in Table IV. Incubating 
the inositol and liver homogenate, with and without a-TPh, at 37° for 30 
minutes prior to adding the substrate, did not affect the results shown in 
Table IV. 

In 1942, Swingle et al. (10) postulated that calcium ions accelerated the 
destruction of DPN by its nucleosidase. Since they followed the degrada- 
tion by measuring residual DPN, there is no assurance that the enzyme 
stimulated by calcium ions is the nucleosidase. If such is indeed the case, 
this might be accomplished indirectly by removal of the a-TPh inhibition 
of DPN nucleosidase. Such a mechanism has been proposed by Ames 
(11) who has presented evidence that calcium ions precipitate a-TPh as the 


TaBLe V 
Effect on Brain Nucleosidase of Ca*** in Presence and Absence of a-TPh 





Micromoles in digest 








| 
Nicotinamide released 
| 
| 








Ca** a-TPh 
micromoles 
0 0 0.39 
0 1.47 0.07 
0.05 0 0.45 
0.05 1.47 0.07 
0.1 0 0.46 
0.1 1.47 0.07 
0.5 0 0.45 
0.5 1.47 0.07 
1.0 0 0.44 
1.0 1.47 0.07 
5.0 0 0.40 
5.0 1.47 0.07 
*CalCh. 


relatively insoluble monocalcium salt of TPh. He found that by addition 
of calcium chloride to the TPh-inhibited suecinodehydrogenase system the 
inhibition was diminished and this he explained through the mechanism 
outlined by Govier et al. (6). With the DPN nucleosidase, added calcium 
ions produced little or no change in the rate of substrate hydrolysis (Table 
V). When a-TPh was added along with the calcium, no effect of calcium 
on fhe degree of enzyme inhibition by a-TPh could be detected at molar 
ratios of Ca:a-TPh from 1:29.4to1:0.29. A time-hydrolysis curve remained 
linear beyond the 20 minute digestion period usually employed; a stimula- 
tory effect, therefore, was not masked by carrying the hydrolysis of the 
substrate too far. An attempt was made to duplicate the work of Swingle 
et al., except that the breakdown of added DPN was measured by estimating 
liberated nicotinamide. Contrary to their findings, no stimulation by 
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calcium ions was noted. The involvement of some other enzyme stimulated 
by calcium remains to be investigated. 


SUMMARY 


1. The optimum pH for the activity of diphosphopyridine nucleotide 
nucleosidase has been established at about 7.2. 

2. a-Tocopheryl phosphate inhibits markedly the nucleosidase activity 
of washed homogenates of brain, liver, heart, kidney, lung, and muscle 
tissues of rats. 

3. No inhibition of the brain nucleosidase by digitoxin could be demon- 
strated. 

4. In the presence of inositol the ability of brain or liver nucleosidase 
preparations to hydrolyze DPN appeared to be unaffected. The inhibition 
of the nucleosidase by tocopheryl phosphate was not affected by the pres- 
ence of inositol. 

5. Under the conditions of these experiments, the reputed activation of 
DPN nucleosidase by calcium ions could not be demonstrated, nor was there 
any indication of a reversal of the inhibition induced by tocopheryl phos- 
phate when excess calcium ions were added to the system. 

6. The results of this investigation, in general, support the theory of 
Govier as an explanation of the mechanism by which tocopherol may in- 
hibit the succinodehydrogenase system. 


The authors wish to express to Dr. A. M. Wynne, Department of Bio- 
chemistry, University of Toronto, their sincere appreciation for his helpful 
advice and criticism. Our thanks are also due to Dr. H. B. Speakman and 
Mr. W. C. Henry, Ontario Research Foundation, whose cooperation made 
this work possible. 
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In contrast to the tedious, unreliable chemical methods, the micro- 
biological assays for valine are easy and accurate. A wide selection of 
media and test organisms for the determination of this amino acid is offered 
in the literature (1-19). 

Satisfactory standard curves were developed in this laboratory with both 
Lactobacillus arabinosus 17-5 and Streptococcus faecalis 9790. In assays 
reported here, Streptococcus faecalis was used with the medium reported for 
methionine (20) and modified as used for threonine (21). 


EXPERIMENTAL 


Streptococcus faecalis 9790' was employed in the assays described. 

Basal Medium—The basal medium was the same as that described in a 
previous paper for methionine (20), with the exception that pyridoxine was 
replaced by 400 y of pyridoxamine. 

Assay Procedure—The procedures followed for the cultures, inoculum, 
and preparation of samples were identical with those described in other 
papers (20, 21). 

Preparation of Valine Standards—Stokes and coworkers (5) have shown 
that the synthetic pL-racemate has exactly one-half the activity of the 
tL isomer. Therefore, in preparing standard valine solutions and the 
standard curve, twice as much of the DL compound was used. The titration 
values on the standard curve (Fig. 1) were not altered by the addition to the 
medium of 1.2 mg. of any of the other nineteen amino acids. 

Recovery of valine added to hydrolysates of arachin, glycinin, wheat 
germ, and whole wheat gave results well within the experimental error for 
this type of assay (Table I). 

Table II shows values found for casein and several foods at different 
assay levels. Data on the reproducibility of values found for a number of 
materials when determined by separate assays are given in Table III. 


‘Obtained from the American Type Culture Collection, Georgetown University 
School of Medicine, Washington, D. C. 
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TaBLe I 
Recovery of Valine Added to Protein Hydrolysates 
Valine 
Protein hydrolysate __ 
In hydrolysate* Added Total Found Recovery 
¥ Y Y 7 per ceni 
Arachin $.7 10.0 14.7 14.3 97 
Y.4 10.0 19.4 19,3 99 
14.1 10.0 24.1 24.8 103 
Glycinin 4.3 10.0 14.3 14.3 100 
4.3 20.0 24.3 24.8 102 
4.3 30.0 34.3 34.3 100 
1.3 40.0 $4.3 13.8 99 
Wheat germ 3.8 20.0 23.5 23.5 100 
7.0 20.0 27.0 26.8 99 
10.5 20.0 30.5 30.5 100 
Wheat, whole 3.5 5.0 8.5 8.7 103 
3.5 10.0 13.5 13.5 100 
3.5 15.0 18.5 19.0 103 
3.5 20.0 23.5 24.2 103 


* Not corrected for moisture and ash. 


Tasie II 
Valine Content at Different Assay Levels * 



























































Material | Level added | Found 
7 per cent 
Casein 100 6.30 
200 6.25 
300 6.50 
400 6.25 
Average 6.33 
Cottonseed flour 200 2.50 
400 2.55 
600 2.67 
800 2.50 
Average. . 2.55 
Ovalbumin 100 7.00 
200 7.00 
300 7.20 
400 | 7.20 
Average. . | 7.10 
Oatmeal 500 0.84 
1000 0.85 
1500 0.83 
2000 0.83 

aiemied ee - tannins .— 
Average | 0.84 
Rye, whole 1000 0.55 
2000 | 0.55 
3000 0.54 
4000 | 0.54 
0.55 


Average 











* Not corrected for moisture and ash. 


Taste III 
Reproducibility (Per Cent) of Valine Content When Determined by Separate Assays* 








Material Assay 1 Assay 2 Average 
Casein.... ae 6.49 6.33 6.41 
Corn germ........ 1.15 5.a2 1.13 
Glycinin. . 4.30 4.26 4.28 
Ovalbumin...... 7.07 | 7.10 7.08 
Cottonseed globulin 5.32 5.40 | 5.36 





* Not corrected for moisture and ash. 
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TaBie IV 
Valine Content of Some Proteins and Foods 


Percentages calculated for ash- and moisture-free material. 








Material N Valine Values from literature 
perce | Ber cen 
Arachin 18.30 $85 
Casein 16.07 6.90 6.2 (3), 6.7 (4), 5.2 (6), 6.91 (7), 
7.1 (8), 7.8 (10), 7.0 (22), 7.0 
23 
Coconut globulin 17.42 5.92 3.57 (24 
Conarachin 18.20 3.68 
Cottonseed globulin 18.00 6.05 7.5 (25 
Edestin 18.55 6.39 4.7 (6), 6.63 (15), 5.1 (22 
Gelatin (Bacto 18.32 2.90 2.4 (4), 2.7 (5), 2.6 (7), 2.5 (8 
27 (10 
Glycinin 17.30 1.56 
Lactalbumin 15.39 5.82 5.9 (8 
Ovalbumin (crystalline 15.98 7.54 6.8 (4), 7.0 (5), 7.36 (7 
Ox muscle 16.00 5.85 9.2 (8), 5.2 (26 
Peanut, total globulins 18.01 5.00 
Phaseolin (navy bean 16.07 6.00 
Wheat bran globulin 17.76 6.56 
Zein 16.00 3.98 3.3 (27 
Barley, pearled 1.86 0.60 0.45 (10 
3razil nut meal 9.03 2.70 
Corn germ, defatted 3.93 1.39 1.45 (26), 1.43 (27 
whole, yellow 2.22 0.74 0.74 (10), 0.74 (27 
Cottonseed flour 10.36 2.9] 2.91 (10), 2.39 (12), 3.30 (26) 
Egg, whole, dried 8.11 3.55 2.54 (27 
Milk, dry, skim 6.57 2.84 2.71 (5), 2.50 (10), 2.50 (11 
Oat mea! 2.73 0.90 0.71 (10 
Peanut flour 10.15 2.83 2.54 (12), 3.34 (26), 2.54 (27 
Peas, black-eved $.15 1.41 
tice, white 1.26 0.50 0.50 (27 
ive, whole 1.98 0.62 0.62 (5 
Soy bean flour S.S5 2.42 2.57 (5), 2.92 (10), 2.32 (12), 
2 92 (16). 2.98 (26 
Wheat, germ, defatted 6.50 1.96 2.60 (26), 2.08 (27 
whole 3.07 0.79 0.86 (5). 0.83 (10). 0.68 (12 
Yeast, dried, brewers’ 7.71 2.54 2.60 (5), 3.08 (26), 2.55 (27), 
2.41 (28 


The results (Table IV) found for the proteins and foods? agree quite well 
with other values obtained by the use of microbiological methods. 


? The sources and preparations of the samples assayed are given in a previous 


publication on the determination of methionine (29). 
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SUMMARY 


A microbiological method is described for the determination of valine in 
proteins and foods with Streptococcus faecalis. The results of assays on 
thirty-one proteins and foods agree closely with those obtained on the 
same materials by other microbiological methods. 
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THE TRYPTOPHAN CONTENT OF NORMAL HUMAN URINE 
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Some time ago Albanese and Frankston reported urinary tryptophan 
outputs of 226 to 336 mg. per day in seven normal men on normal diets 
(1). Such rapid wastage of a normal tissue constituent which is not syn- 
thesized at an appreciable rate, if it is at all, in the human organism (2) 
is hard to reconcile with present concepts of amino acid metabolism. A 
daily output of this much tryptophan exceeds the 0.2 gm. estimated by 
Rose to be the minimal daily intake needed to maintain nitrogen equilib- 
rium (3). 

Ina recent review, Albanese (4) reports that in the 24 hour urines of thirty 
normal human subjects the amino nitrogen of tryptophan accounted for an 
average of 4.8 per cent of the total 200 to 700 mg. of free plus bound amino 
nitrogen. If this is true, the contribution of tryptophan to the total uri- 
nary amino nitrogen greatly exceeds its share in the total free plus bound 
amino nitrogen in dietary protein. In such an excellent dietary source of 
tryptophan as casein, the amino nitrogen present in tryptophan represents 
less than 2 per cent of the total a-amino nitrogen that can be liberated by 
hydrolysis. The difference between a 2 per cent share in the a-amino ni- 
trogen intake and a 4.8 per cent share in the amino nitrogen output would 
seem to require the assumption either that considerable synthesis of trypto- 
phan must occur in the human or that tryptophan is much more poorly 
metabolized than the average amino acid when fed in the form of protein. 

Assays with Lactobacillus arabinosus have raised doubt concerning the 
conclusions of Albanese and Frankston by failing to confirm their observa- 
tions. Schweigert, Sauberlich, and Elvehjem (5) could account microbio- 
logically for the urinary excretion of only a tenth as much tryptophan per 
day (12.6 to 30.5 mg.). Frankl and Dunn oBtained closely similar results 
(12.8 to 22.9 mg.) on 24 hour urines from normal adult male subjects on 
uncontrolled normal diets (6). In advancing possible reasons for the wide 
divergence between the results of Albanese and Frankston and their own, 
Schweigert, Sauberlich, and Elvehjem (5) suggested that certain trypto- 
phan and indole derivatives measurable chemically may fail to induce a 
response in Lactobacillus arabinosus. This idea is echoed in a foot-note to 
the paper of Frankl and Dunn (6), which quotes Albanese as expressing 
the opinion that part of the tryptophan in the urine is bound, that both 
this fraction and the free tryptophan are measured by the Albanese and 
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Frankston method, but that Lactobacillus arabinosus responds only to free 
tryptophan. 

Careful study of the paper of Albanese and Frankston (1) seemed to 
indicate that their chemical procedure may have been inadequate. Their 
method of assay is essentially a modification of the Jolles color reaction for 
indican. Its performance was not compared with that of any other of the 
many well known chemical methods for estimating tryptophan. Its failure 
to account adequately for additions of tryptophan to the urine was ascribed 
arbitrarily to the solubility in the acid-urine mixtures of the mercuric 
sulfate complex precipitated to effect concentration of the tryptophan. 
Having had some experience with the method of Shaw and McFarlane 
(7), which is essentially a quantitative application of the well known Hop- 
kins-Cole test, we became interested in determining whether this method 
would yield approximately the same or widely divergent results when ap- 
plied to urines analyzed simultaneously with the Albanese-Frankston pro- 
cedure. The purpose of this paper is to report our observations. 


EXPERIMENTAL 


Albanese and Frankston found their procedure insufficiently sensitive to 
warrant applying it without first concentrating the tryptophan in the urine 
by precipitation with mercuric sulfate. The sensitivity of the Shaw and 
McFarlane procedure is adequate, but interfering colors develop when it 
is applied directly to urine. Hence, the preliminary steps suggested by 
Albanese and Frankston, involving percolation of the urine through acti- 
vated permutit to remove ammonia and other bases, extraction of the 
acidified filtrate with ether to remove indole and ether-soluble derivatives, 
precipitation with mercuric sulfate to concentrate the tryptophan, and 
solution of the precipitate in the trichloroacetic-hydrochloric acid reagent, 
were all used to obtain the solutions analyzed colorimetrically by the two 
methods. 

Preliminary Tests—Albanese and Frankston noted that Beer’s law did 
not apply strictly to the colorg developed when their colorimetric procedure 
was used to measure various concentrations of pure tryptophan in water. 
This was confirmed by plotting readings made in a Klett-Summerson photo- 
electric colorimeter fitted with Filter S-54, and corrected for the reading of 
a reagent blank, against contents of tryptophan! ranging by intervals of 
0.1 mg. from 0.4 to 1.4 mg. in the 2 ml. of aqueous test solution. The 
colors produced ranged from a light green for low concentrations of trypto- 
phan to a bright red for high concentrations. The calibration curve was 
similar to the one published by Albanese and Frankston (1). 


1 We are happy to acknowledge our indebtedness to Merck and Company, Inc., 
Rahway, New Jersey, for the supply of pi-tryptophan used in this study. 
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Calibration curves were also constructed from readings obtained by 
applying the Shaw-McFarlane procedure to 0.5 ml. test samples containing 
tryptophan in amounts varying by 0.01 mg. intervals from 0.01 to 0.14 mg. 
The readings were corrected for the color produced in a blank from which 
only the glyoxylic acid reagent was omitted. With either Filter S-52 
or 8-54, the results obtained fell on a straight line, indicating that in 
these cases Beer’s law applied well.” 

Recoveries of Tryptophan from Urine—Five aliquots of a mixed urine 
sample were analyzed in duplicate by both the Albanese-Frankston and 
the Shaw-McFarlane procedures. ‘To the first aliquot no tryptophan was 
added; additions to the others amounted to 0.25 to 1.00 mg. per 20 ml. of 
sample from which the mercuric sulfate complex was precipitated. Re- 
sults of the analyses are shown in Table I. The Albanese-Frankston 
procedure indicated the presence of much more tryptophan in the original 


TABLE I 
Tryptophan Recoveries from Urine by the Albanese-Frankston and 
ploy j y 
Shaw-McFarlane Procedures 








Albanese-Frankston procedure Shaw-McFarlane procedure 
Tryptophan added a 

Completeness ‘ | Completeness 
of recovery | of recovery 

me. me. per cent me. | per cent 

0.0 LF 0.25 

0.25 1.80 10.0 (0). 484 93.6 

0.50 2.09 78.0 0.731 | 96.2 

0.80 2.32 70.7 1.01 95.0 

1.00 2.49 79.0 1.19 94.0 


urine and accounted for considerably less of the added tryptophan than 
did the Shaw-McFarlane method. 

Calculated per 100 ml. of urine, the added tryptophan unaccounted for 
by the Albanese-Frankston procedure ranged from 0.55 to 1.05 mg. and 
averaged 0.81 mg. per 100 ml., in excellent agreement with the 0.5 to 1.05 
mg. and the average of 0.78 mg. reported by Albanese and Frankston (1) 
aslost per 100ml. Their assumption that the discrepancy was attributable 
chiefly to the solubility of the mercuric sulfate complex in the acid urine 
from which it was precipitated was not confirmed by assays with the 
Shaw-McFarlane technique. This method accounted for all but 0.10 ‘to 
0.30 mg. of the added tryptophan per 100 ml. The average discrepancy 


2 Some grades of c.p. concentrated sulfuric acid produce a yellow-colored blank. 
We have found Baker’s c.P. special grade, low in nitrogen and arsenic, satisfactory. 
It is well also to use a good grade of copper sulfate. 
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was only 0.18 mg., 0.6 mg. less per 100 ml. than the loss reported by 
Albanese and Frankston. Analysis by the Shaw-McFarlane procedure 
of ten different aqueous solutions which contained 0.25 to 3.00 mg. of 
tryptophan in the 20 ml. precipitated with mercuric sulfate, but which 
were not first percolated through permutit, yielded smaller discrepancies, 
The largest divergence was 0.20 mg. per 100 ml., the average 0.045 mg. 
If the poorer recoveries of tryptophan from the urine than from aqueous 
solution are attributable to the influence of the urine on the solubility of 
the mercuric sulfate complex, the effect is only a fifth to a sixth as great as 
suggested by Albanese and Frankston. It would be surprising indeed if 
absolutely no loss of tryptophan should occur in the passage of the urines 
through the column of permutit. 




















TaBLe II 
Apparent Tryptophan Content of 24 Hour Urine Samples 
Sample No. Albanese-Frankston procedure Shaw-McFarlane procedure 
meg. me. 
la* 170.0 25.0 
lb 173.0 31.2 
le 152.4 29.0 
2a* 240.0 42.0 
2b 164.5 29.6 
2c 182.0 31.0 
3 140.0 20.3 
4 137.0 23.7 
5 237 .5 37.0 
6 146.0 21.4 
7 141.0 20.0 











* Three separate 24 hour samples were collected by Subjects 1 and 2. 


With the Shaw-McFarlane procedure it is possible to compensate for 
the color of the solution of the mercuric sulfate complex in the acid mixture 
by using a blank containing this solution and all of the reagents but the 
glyoxylic acid. Albanese and Frankston use only a reagent blank, which 
does not afford similar compensation. In our hands inclusion in the blank 
of the solution of the mercuric sulfate complex prepared from a normal 
urine and omission from it of the sodium nitrite and the acetic acid pro- 
duced a color more intense than that obtained in a routine test of the same 
urine. We are therefore inclined to attribute the discrepancies in re- 
coveries with the Albanese-Frankston procedure and the high estimates it 
gives of the tryptophan present in normal urine chiefly to errors inherent 


in the colorimetric technique. 
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Analysis of 24 Hour Samples of Urine—The Albanese-Frankston and 
Shaw-McFarlane procedures were finally applied simultaneously to eleven 
different 24 hour urine specimens collected from seven different male 
subjects ingesting average diets. The results are presented in Table II. 
The uncorrected outputs of 137 to 240 mg. of tryptophan per day measured 
with the Albanese-Frankston colorimetric procedure were somewhat less 
than the values recorded by the originators of this method. The 20 to 42 
mg. of tryptophan indicated by analysis of the same urines with the Shaw- 
McFarlane colorimetric technique were correlated much more closely with 
the 12 to 30 mg. per day obtained microbiologically by Schweigert, Sauber- 
lich, and Elvehjem and the 12 to 22 mg. noted by Frankl and Dunn than 
with the results obtained with the Albanese-Frankston procedure. The 
loss of tryptophan which may have resulted from the solubility of the 
mercuric sulfate complex or from the adsorption of tryptophan on the 
permutit could hardly have exceeded 6 mg. per 24 hour sample. 


SUMMARY 


Comparisons of the Albanese and Frankston and the Shaw and McFar- 
lane colorimetric procedures for estimating tryptophan indicate that the 
latter method is the more dependable and more accurate, as judged by 
variations in color development with concentration and capacity to meas- 
ure accurately additions of tryptophan to urine. In 24 hour urine speci- 
mens, estimated by the Albanese and Frankston procedure to contain 
137 to 240 mg. of tryptophan, only 20 to 42 mg. were measured by the 
Shaw and McFarlane procedure. The latter values are not markedly 
greater than the results with microbiological assays reported in the liter- 
ature and they seem to conform more closely with the urinary excretion 
of tryptophan that might be anticipated from its indispensability and its 
low concentration in dietary proteins. 
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THE UTILIZATION OF p-AMINO ACIDS BY MAN* 
VII. PHENYLALANINE 


By ANTHONY A. ALBANESE, VIRGINIA IRBY, anp MARILYN LEIN 


(From the Department of Pediatrics, New York University College of Medicine, and 
the Children’s Medical Service, Bellevue Hospital, New York) 


(Received for publication, May 17, 1947) 


Existing data obtained from studies performed on humans and experi- 
mental animals indicate that two by-products (phenylpyruvie acid and 
L-tyrosine) result from the normal metabolism of naturally occurring 
phenylalanine in the mammalian organism. Evidence from the studies 
on alkaptonuria (1), tyrosinosis (2), phenylpyruvic oligophrenia (3), and 
vitamin C-deficient, premature infants (4) suggests that the amount of 
phenylalanine converted into these two substances and mono- and dihy- 
droxy aromatic acids may vary according to the metabolic idiosyncrasies 
of the organism. 

In addition to these differences in the mammalian metabolism of L- 
phenylalanine, considerable evidence of species differences in the utilization 
of p-phenylalanine is on hand. Feeding experiments with immature rats 
recently reported by Rose and Womack (5) reveal that the optical isomers 
of phenylalanine are almost equally effective in promoting growth when 
used to supplement a diet devoid of phenylalanine. In earlier studies 
Lewis and associates (6), however, found that rabbits excreted greater 
amounts of phenylpyruvic acid following subcutaneous or oral administra- 
tion of pt-phenylalanine than after the administration of L-phenylalanine. 
This observation and that of Levine and coworkers (7) on the infant indi- 
cated that p-phenylalanine is not utilized as readily as the L variety in the 
rabbit or the infant. In previously reported experiments (8), we found that 
the ingestion of racemic phenylalanine caused an increase in urinary 
phenylalanine in man equivalent to approximately 25 per cent of the 
pD form occurring in the racemate. The failure of the administration of 
L-phenylalanine to raise appreciably the urinary levels of this amino acid 
led us to conclude that the p-phenylalanine is not completely utilized by 
man. Our subsequent studies on the metabolism of p-tyrosine indicated 
that measurements of the aliphatic urinary organic acids are required for a 
more complete evaluation of the utilization of the aromatic amino acids 
(9). Accordingly, we have repeated our investigations with the isomers of 
phenylalanine in order to ascertain the réle of the organic acids in the 


* The work described in this report was supported by grants from the Rockefeller 
Foundation and the National Live Stock and Meat Board. 
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intermediary metabolism of phenylalanine. The results of these experi- 
ments disclose that great individual differences exist in the utilization of 
p-phenylalanine as measured by the excess urinary phenylalanine and 
organic acid output induced by the administration of the racemate, and 
that in some individuals far less p-phenylalanine is utilized than is indicated 
by the urinary phenylalanine measurement alone. 


EXPERIMENTAL 


The pi-phenylalanine (Merck) employed in these studies was found to 
be optically inactive in water solution and to contain 8.30 per cent N 


Taste [ 
Effect of Administration of 0.01 Mole of t- or pt-Phenylalanine on Output of Some 
Urinary Metabolites* 











Phenylalanine Tyrosine Free phenols Organic acids 
Subjects Phenylalanine fed “7 
None L- pi- None i- pi- None L- = pi- | None L- DL- 
me me. meg me. me. me me. | mg. | mg. | \ HCI oe eCI y HCl 
A, o, 70 kilos 136 182 355 53.6 47.2 60.8 210 180 208 198 196 340 
125 472 69.0 162 204 161 326 
519 312 
I, 2, 60 ia 145 158} 475 56.9 66.5 63.4 248; 216) 228) 197 | 249 | 317 
422 66.6 224 342 
C.¢0,¢. “ 84.6) 120) 362) 28.2) 32.0) 36.3) 123) 127/ 102; 191 | 215 | 235 

(infant) 

L, 2, 62 kilos S2 110) 120) 37.4 36.8) 28.5 149 140 132) 146 | 221 | 199 
192 43.2 184 183 
161 43.1 133 203 


' 


* The values for adults represent the output for a7 hour period following ingestion 
of the amino acid; those for the 6 month-old infant are based on 24 hour collections. 





(theory, 8.48 per cent N) by micro-Kjeldabl analysis. The L-phenylalanine 
(Lemke) was found to have a specific rotation of [a]? (1.9624 gm. per 
100 ce. of water) = —33.5° (Fischer and Schdéller (10), [a]? = —35.14°) 
and to contain 8.20 per cent N. 


Human Experiment 


After the elimination of the control urine specimens, which were collected 
2 hours after breakfast, the subjects were given 0.01 mole (1.65 gm.) of 
L- or pL-phenylalanine dissolved in 240 ec. of water; 120 cc. more water were 
also given at the end of each of the succeeding 6 hours to maintain uniform 
urine execretion. This period was selected on the basis of data which 
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showed that the phenylalanine output fell to normal after this interval had 
elapsed. The urines were pooled for the period of the experiment and then 
analyzed for total organic acids (11), ether-soluble free phenols (12), phen- 
ylalanine (8, 13), and tyrosine (9). Since the ingestion of food did not 
seem to affect the output of these metabolites, the normal food intake of 
the subjects was not restricted. In the study on the infant, the 0.01 mole 
of L- or pL-phenylalanine was given with the 10 a.m. feeding, and the 
urines collected during the succeeding 24 hours were analyzed for the 
constituents previously mentioned. All of the control experiments, in 
which no phenylalanine was fed, were similarly performed. 

The analytical results obtained from these experiments are collected in 
Table I. It is to be noted that, although the excretion of phenylalanine 
and organic acids is increased in varying amounts in different subjects by 
the administration of pt-phenylalanine, the output of these substances is 
not raised above the control levels in any subject by the ingestion of 


NH 
Phenylpyruvic acid —., L-phenylalanine 


A 
4 


p-Phenylalanine 
\ 
(O)\ 
Kidney \ 
p-Tyrosine 


! 
' 
| 
! 


) : : a 
— aliphatic organic acids 





Urinary p-phenylalanine 


L-phenylalanine. The non-aromatic nature of the excess of organic acids 
found in the urine of some of the subjects fed pt-phenylalanine is indicated 
by the negative tests for phenylpyruvic acid (14), hippuric acid (15), and 
benzoic acid (16) given by the samples. The similarity in output of 
ether-extractable phenols (Table I) subsequent to the administration of 
pi-phenylalanine to the output of these substances in the control and 
L-phenylalanine experiments also suggests that the excess organic acids 
resulting from the ingestion of the racemate are not hydroxy aromatic in 
character. 

The production of these non-aromatic organic acids from the not easily 
fissionable benzene ring of phenylalanine is difficult to explain unless it is 
assumed that they arise from p-tyrosine which could be produced in the 
body by oxidation of the p component of the administered phenylalanine 
racemate. The scheme of the metabolic processes afforded by this specula- 
tion, which seems to fit the data presented in Table I, is shown in the 


accompanying diagram. 
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It also appears from our findings that the organism is not overwhelmed 
by the small doses of phenylalanine fed and that the metabolic intermedi- 
ates of this scheme, phenylpyruvic acid and p-tyrosine, arising from the 
oxidation of p-phenylalanine are so rapidly converted to their respective 
terminal products as to avoid excretion in the urine. In the rabbit experi- 
ments of Lewis and his coworkers (6) and in the studies upon infants of 


TaB.e II 
Organic Acid and Phenylalanine Output for ? Hour Period Following Administration 
of 0.01 Mole of t- or pu-Phenylalanine 


1.65 gm. of pt-phenylalanine = 0.83 gm. of p-phenylalanine. 


Output after adminis- 





tration of phenylalanine 
Normal isomers a > 
output a 4 Tyrosine 
; I DI — equivalent 
Subject : . a 6 ot organic 
J orp ac id 
- ar g/. 2» | fea | 4 z | excesst 
es 63/2 &3) a3 §3 c cs 
meq m.eg me m.eg _ per m.eg : 
> ie HCl s-| HCl , ent HCl ” ~~ 
A, co’, 70 kilos 19.8 136 19.6 182 34.0 355 | 21.0 +14.4 173 650 
16.1 125 32.6 472 35.0 | +13.0 290 578 
31.2) 519 | 40.6 | +11.6 337 522 
I, °, 60 * 19.7, 145 24.9' 158! 31.7) 475 | 38.2 +6.8 317 306 
34.2)| 422 | 31.8 +9.3 264 415 
cc 68 “ 19.1 84.6) 21.5; 120) 23.5 362 | 29.2 2.0; 242 90 
L, 2, 62 kilost 14.6 82 22.1' 110 19.9 120 2 2.2 10 0 
15.3 192 9.9 —U.s S2 0 
20.3 161 6.1 -1.8 51 0 


* The organic acid values were corrected for the phenylalanine content of the 
urine. 

+ Mg. of tyrosine = (milliequivalents of organic acid excess)/4 * 182 (mol. wt 
of tyrosine). 

t The negative organic acid increment of this subject indicates the over-all errors 
involved in measurement of this kind and cannot, of course, be calculated to its tyro- 
sine equivalent. 


Levine and associates (7) in which relatively larger doses of phenylalanine 
were employed, an excess of phenylpyruvic acid was excreted by the rabbit 
and an excess of both phenylpyruvic acid and tyrosine by the infant. 
In view of the fact that similar amounts of the amino acids were given to 
all the subjects, our results support the surmise that the production of the 
different metabolites represented by this scheme may not only be a function 
of dosage but also of the physiological characteristics of the individual. 
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Since the output of phenylalanine and the other metabolites reverts to 
the normal in 6 to 7 hours after the administration of racemic phenylalanine, 
the actual amount of urinary phenylalanine arising from the ingestion 
of the p variety can be approximated from the difference in phenylalanine 
output for the 7 hour period following administration of pL- and L-phenyl- 
alanine. The values so calculated are listed under the heading ‘‘(b) —(a)” 
in Table II and suggest that the feeding of 0.01 mole of pi-phenylalanine 
(equivalent to 0.005 mole of p-phenylalanine) produced an increment in 
urinary phenylalanine equivalent to 1.2 to 40.6 per cent of the p component. 
The quantity of p-tyrosine formed from the unnatural phenylalanine can 
be roughly estimated from the organic acid output if we assume that the 
molecular relationship of p-tyrosine to organic acids excreted (1:4), found 


TaBLeE III 


Individual Variations in Utilization of p-Phenylalanine by Man 
1.65 gm. of pt-phenylalanine = 0.83 gm. of p-phenylalanine. 








, Urinary phenylal- Phenylalanine | Total p-phenylala-/ |p), euplelenine 
ee | Se | See en eee | 

me. még. még. per cent 
A, &, 70 kilos 173 595 768 92.5 
290 530 820 98.8 
337 480 817 98.4 
.v,e ™ 317 280 597 72.0 
264 380 544 65.6 
C, 7, 6.0 “ 242 83 325 39.1 
L, 9,62 “ 10 0 10 1.2 
82 0 82 9.9 
51 0 51 6.1 

















in our previous report (9), applies in this instance also. The results of 
calculations based on these premises are shown in Table II and demonstrate 
that the tyrosine equivalent of the organic acid excess, like the phenyl- 
alanine output, varies with each subject tested. The failure of the ad- 
ministration of pit-phenylalanine to cause a rise in phenylalanine, organic 
acids, and tyrosine or other aromatic acids in Subject L, indicates that 
some individuals are capable of utilizing p-phenylalanine more completely 
than others. Subject A represents the opposite extreme. The metabolic 
divergence of these two individuals with respect to p-phenylalanine is of 
interest in view of their failure to exhibit such a diversity with respect to the 
metabolism of p-tyrosine (9). 

Inasmuch as the organic acid attributed to p-tyrosine probably arises 
from the oxidation of an equivalent amount of p-phenylalanine (see the 
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diagram), the total amount of p-phenylalanine not utilized can be ascer- 
tained from the sum of the organic acid excess computed as phenylalanine 
and the urinary phenylalanine found colorimetrically. The results of these 
computations are listed in Table III and serve to emphasize further the 
metabolic individuality of the subjects. 


Comments 


The data presented in this report and evidence previously reported by 
others indicate that the processes involved in the human metabolism of 
both L- and p-phenylalanine are susceptible to greater modifications that 
appear to occur for the other amino acids. Indeed, the variability ex- 
hibited with respect to the utilization of p-phenylalanine greatly exceeds 
that found with the p form of other amino acids so far tested by us. The 
immediate factors responsible for these variants seem to arise from differ- 
ences in rates of oxidation of phenylalanine, of either optical variety, to 
tyrosine and phenylpyruvic acid. Although some of the variations arising 
from differentials in the oxidations of L-phenylalanine may be related to 
differences in available vitamin C (17), it does not appear likely from the 
recent report of Basinski and Sealock (18) that the diversity in the meta- 
bolic handling of p-phenylalanine can be attributed properly to the same 
cause. Consequently, in the absence of experimental evidence other than 
the excretion data, we are led to suspect that the observed individual 
differences in the metabolism of p-phenylalanine are probably due to 
qualitative or quantitative variations in the p-amino acid oxidase content 
of the tissues of different subjects. The evidences and implications of 
biochemical individuality in man have recently been discussed by Williams 
(19). The often observed nutritional differences of different strains of the 
rat, mouse, and other laboratory animals may also be related in part to 
variations in their enzyme components. 


SUMMARY 


A reinvestigation of the metabolism of p-phenylalanine in man in terms 
of quantitative differences in metabolites occurring in the urine in the 7 
hours following the administration of L- and pi-phenylalanine suggests 
that, whereas D-phenylalanine may be readily utilized by some individuals, 
in others the major portion of the ingested p-phenylalanine may be oxidized 
to p-tyrosine, which subsequently undergoes oxidative fission and is lost to 
the organism in the form of urinary aliphatic organic acids. The possible 
relationship of these findings to the known abberations in the metabolism 
of the aromatic amino acids m man is discussed. 
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FACTORS AFFECTING FOLIC ACID DETERMINATION 


By ESTHER P. DANIEL* anp O. L. KLINE 
(From the Food and Drug Administration, Federal Security Agency, Washington) 


(Received for publication, July 8, 1947) 


In the preparation of sample solutions used in the microbiological assay 
for folic acid various extraction methods have been employed. The fre- 
quent occurrence of folic acid as complex conjugates which must be hydro- 
lyzed to pteroylglutamic acid for maximum utilization by microorganisms 
necessitates use of enzyme or chemical hydrolysis in the extraction pro- 
cedure. The question of stability of folic acid under such treatment, as 
well as under conditions of sterilization and storage involved in microbio- 
logical procedures, has been of concern in this laboratory. On the other 
hand we have studied means of removing folic acid from its natural sources 
in attempts to prepare folic acid-free growth-promoting supplements 
suitable for use in basal media. The destructive effects of heat, light, and 
bisulfite have been measured, and methods of removing folic acid from solu- 
tion by adsorbing agents have been studied. The purpose of this report 
is to summarize briefly the results of these experiments which have added 
to our knowledge of the properties of folic acid. 


EXPERIMENTAL 


The observations outlined here were made on crystalline folic acid, 
tomato juice serum (canned tomatoes filtered through sintered glass), and 
two samples of dehydrated liver extract powder, one a concentrate high in 
folic acid,' the other an antipernicious anemia preparation. 

It will be noted that these are soluble materials which can be added 
directly to the assay medium without preliminary extraction, thereby 
permitting through comparison of treated and untreated portions an 
evaluation of the effects of various treatments on the folic acid present. 

Such a comparison is difficult in the study of such materials as cereal 
products, animal tissues, and rat feces, which require various types of 
manipulation before the sample can be introduced into the medium for 
microbiological assay. 

In the quantitative estimation of folic acid, Lactobacillus casei was used 
with variously proposed media (1-3) and modifications thereof. The 
standard folic acid solution serving as a reference standard was prepared 


* Present address, National Cancer Institute, United States Public Health Service, 


Bethesda 14, Maryland. 
' This preparation was kindly furnished by Dr. T. H. Jukes, Lederle Laboratories 


Division, American Cyanamid Company. 
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from a stock solution containing 100 y per ml. of the crystalline vitamin 
in 0.01 n NaOH in 20 per cent EtOH. Standard solutions for assay pur- 
poses were freshly prepared for each series of folic acid tests by diluting 
this stock solution with distilled water to a concentration of 0.0002 y per 


TaBie | 
Stability of Folic Acid under Different Conditions 




















Substance Concentration Treatment* Loss of folic acid 
per ml. per cent 
Crystalline folic 100 Standard, 0.01 n NaOH in 20% 0 
acid EtOH, stored in refrigerator 
at 4°, 3 mos. 
0.0002 Diluted standard in H,O, 0 
filtered ft 
10 Autoclaved, 121°, 30 min. 
pH 1 100 
“4 40-45 
| ‘“¢ 4-12 10-30 
1 | Autoclaved, 121°, 30 min., basal <0 
medium, pH 6.8 
| Sulfite, room temperature, 75-80 
24 hrs., pH 5 
per cent | 
Liver extract 0.5 | Autoclaved, 121°, 15 min., 0.05 Nn 0 
preparation, NaOH 
high in folic Autoclaved 121°, 30 min. 
acid pH 1 ' 70-80 
| « 3 | 35-40 
‘“* 4-12 | 10-20 
l Autoclaved, 121°, 90 min., pH 1 90 
. 121°,30 “ 0.2N | t 
and 1.0 n HCl | 
Heated in oven, 60°, 1 hr., pH 1 
” Sl esl | lI 
** on hot-plate, 100°, 15 q 
min., pH 3 | 
Sulfite, room temperature, | 50-60 
| 24 hrs., pH 5 
Sulfite, autoclaved at 121°, 15 | 20-25 
min., pH 5 
Irradiated, 500 watt Mazda | 60 
lamp, 6 hrs., pH 1,100 ml. | 
over 72 sq. in., 1 ft. distance 
Same; pH 5.5 | <0 
2 | Autoclaved, 121°, 15 min., 0.05 N | 0 
| NaOH 








> 
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Substance Concentration | Treatment* Loss of folic acid 
per cent per cent 
Liver extract, anti- 0.5 Autoclaved, 121°, 30 min. 
pernicious pH 1 70 
anemia prepa- a 40 
ration vole 20 
‘“ §-7 10 
“ 9 40 (Gain) 
“ 10-12 15 (Gain) 
l Autoclaved, 121°, 90 min., pH 1 80-100 
” 121°,90 ‘ 25-35 
pH 5.5 
Heated, 100°, 1 hr. in Og, pH 10 50-60 
Sulfite, room temperature, 24 hrs., 30-40 
pH 5 
Tomato juice Undiluted | Irradiated, Hanovia lamp, 3 0 
serum; filtered hrs., pH 4.3, 100 ml. over 
canned 72 sq. in., 1 ft. distance 
tomatoes Same; 7 hrs. 0 

















*Unless otherwise indicated, aqueous solutions adjusted to the desired pH by 
means of NaOH or HCl were used. 

t Schleicher and Schiill No. 589 filter paper. 

t Under these conditions the loss of folic acid was 5 times greater at 1 n HCl than 


at 0.2 n HCl. 


§ Less folic acid was lost in this case than in autoclaving at 121° for 30 minutes 


at pH 3. 


| The loss of folic acid was less than under conditions of heating in an oven at 60° 


for 1 hour at pH 1. 


{ This treatment produced a loss equivalent to that resulting from heating in 


an oven at pH 3 for 1 hour at 60°. 


ml. The stability of this stock solution under the usual conditions of 
storage in a refrigerator at 4° was determined. 

Since it is frequently necessary in certain extraction procedures to employ 
filtration, it was desirable to ascertain whether loss of vitamin occurred 


as a result of adsorption on the filter paper. 


and Schiill No. 589 paper was determined. 
Experiments were carried out in which folic acid in concentrations of 1 


The suitability of Schleicher 


y per ml. was autoclaved in the Lactobacillus casei basal medium, at pH 
6.8, for a period of 30 minutes, thereby allowing a margin of 15 minutes 
beyond the time recommended for sterilization in the microbiological 
assay. 

Dual interest, first in the quantitative extraction of folic acid without 
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loss, and second in the complete destruction of the vitamin, prompted the 
study of the effect of heat over a wide range of pH. Chemical and irradia- 
tion treatments were made in an effort to effect complete destruction. The 
PH of all samples was adjusted in aqueous solutions by the addition of either 
HClor NaOH. Sulfite treatment involved the addition of Na,SO; and HC] 
in molecular proportion to produce NaHSOs, according to the procedure 


TaB_LeE II 


Adsorption of Folic Acid (Crystalline)* from 0.1 n NaOH and 0.004 n HCl 
Solutions Estimated Visually by Relative Fluorescence 








Degree of adsorptiont 

















Adsorbing agents $$$ —___—_____. 
0.1 Nn NaOH 0.004 w HCl 
solution solution 
Super Filtrol (thiamine grade) + +++ 
Activated Decalso (for thiamine determination), + + 
2 different samples 
Activated alumina, 3 different sources + + 
MgO + ++ 
Adsorptive powdered magnesia, No. 2641, t+t+t+ ++++ 
Westvaco 
MgO, 1 part ) 
Al,Os;, 1 part ++ ++ 
Celite, 1 part 
Bentonite ++ 4 ++ 
Fullers’ earth + +++ 
Lloyd’s reagent a. ++ 
Amberlite IR-1 4 + 
= IR-100 ++ + 
3 IR-4 + + 
Symacar ++ ete 
Carboraffin ++++ | +-++4++ 
CRBX “E”’ +++ | +++ 
Norit A ++++ | ++++ 
Darco G-60] ++++ +++ 
*25 y per ml. 


t The plus signs have been evaluated qualitatively as follows: + poor, +-+ fair, 
+++ good, ++++ very good. 


routinely employed for thiamine destruction (4). Oxygen, directly from a 
tank, was bubbled for 1 hour through a 1 per cent solution of the anti- 
pernicious anemia liver extract adjusted to pH 10 and held at 100°. Ir- 
radiation for a period of 6 hours was carried out by means of a 500 watt 
Mazda lamp at a distance of 1 foot on a 2 per cent solution of the liver ex- 
tract preparation high in folic acid. 100 ml. samples adjusted to pH 1 and 
5.5 respectively and spread over a surface of 72 sq. in. were used. Samples 
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of undiluted tomato juice serum having a pH of 4.3 were irradiated for 
periods of 3 and 7 hours respectively with a Hanovia lamp of the high pres- 
sure mercury arc type. In this case also, irradiation was effected on 100 ml. 


TaBLeE III 
Estimated Adsorption of Folic Acid from Liver Extract Solution and Tomato 
Juice Serum Following One to Three 1 Hour Treatments with 
Specified Adsorbents 





Treatment Degree of adsorption 





Liver extract, antipernicious anemia preparation, 2.5% solution in 0.004 n 
HCl + 100 mg. adsorbing agent per 25 ml. solution 





en GOR: § ONIN. a6 ois oss oo. oo ccnaceeeeed Small 
" © Discs sob ok co nnd vimwenas Great 
© RS ec ciedepinntibaaeadteiad Negligible 
anal ER RR I RE Phe Less than half 
Ee « CRs one ncasscccutaxdécesenek Small 
- Oe, DS Si oda verve NcCaecetis Incomplete 
" im PY . Sion deta beaker ewes Great 
Casbovaflin, 1 adeonptiom. «.)... 2. ccsscccccsccseess Small 
" i hick pi cacnnnneninashnns Incomplete 
- 3 ot neh tee auticueeil ne aah Great 
Puller’s earth, 1 adsorption... ...........scssceess Negligible 
” le I aye ee ee ee sie 
Magnesia No. 2641, 1 adsorption................... as 
“is 6 BREE, B RONAIOIR. 56 cc no he cancvcie. - 
* * 2641, 3 7 “peateineiniiuenes “ 
Super Filtrol, 1 adsorption ................0.ceeee: Very small 
os a TRE Re Se pene Slight 








Tomato juice serum, undiluted; 5 mg. adsorbing agent per ml. serum in each case 





Magnesia No. 2641, 3 adsorptions, pH 4.3.......... None 
Darco G-60, 1 adsorption, pH 2.68............... oa Incomplete 
- wae; \oah Gere Complete 
- we |; 000 | Almost none 
- * Pemeiene™ CBs ios. eiecece, - Incomplete 
6 . a = MOR. waevncweeabe Complete 
. 6 Se. ™ Bibi vid caseriintances Almost none 
5 Tt Be Bin sc cccevcenas Incomplete; < pH 4.3 
_ ~- 2 ” FP eater sawehes *y Complete 








samples spread over an area of 72 sq. in. at a distance of 1 foot from the 
lamp. The data for all of these experiments are shown in Table I. 

In Table II are outlined the results of qualitative experiments designed 
to determine the relative effectiveness of various adsorbing agents in re- 
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moving folic acid from solutions containing 25 y per ml. of the crystalline 
vitamin in 0.1 N NaOH and 0.004 nN HCl respectively. Becker and Schépf 
(5) have recommended the adsorption of pterins from 0.004 n HCI solutions, 
The brilliant blue fluorescence of folic acid in aqueous solutions when ex- 
posed to a source of ultraviolet light afforded a criterion for determining 
the degree of adsorption of this compound by each of the substances tested, 
Tubes containing 5 ml. of a solution of crystalline folic acid (2 y per ml.) 
in 0.1 n NaOH and 0.004 n HCl respectively were used as standards and 
by visual comparison the degree of adsorption in these preliminary experi- 
ments was estimated as very good, good, fair, and poor. 

Based upon the findings of these qualitative tests, seven of the most effec- 
tive adsorbing agents for folic acid were selected for use on the antiper- 
nicious anemia liver extract sample. In addition, one of the activated 
carbons, Darco G-60, and magnesia No. 2641 were used at three different 
pH levels of the tomato juice serum. The degree of adsorption of folie 
acid was determined microbiologically upon the filtrate by comparison of 
the growth of Lactobacillus casei in tubes containing basal medium plus 1 
ml. of treated tomato juice serum or | ml. of the adsorbed liver extract 
solution (equivalent to 5 mg. of liver extract) with that obtained with the 
same quantities of the respective untreated samples. Negative controls 
(basal medium without sample or folic acid) as well as routine controls 
(medium to which folic acid was added in amounts sufficient to produce a 
maximum effect) served as reference points for this series. The results of 
these experiments are given in Table III. 

RESULTS AND DISCUSSION 

The stock folic acid solution used as a reference standard was found to 
be stable after storage for 3 months at 4°. No loss was found upon filtering 
folic acid solutions through Schleicher and Schiill No. 589 filter paper, 
which is suitable also in riboflavin extraction procedures. 

In efforts to prepare extracts free from folic acid, it was found that sulfite 
treatment destroyed more than half of that present, but in no instance was 
destruction complete. This procedure is therefore of little value in the 
preparation of growth-promoting supplements free from folic acid. 

The use of irradiation with either the Hanovia or the Mazda lamp was 
also found to be an ineffective method for destroying folic acid. 

Heating at pH 10 in a stream of oxygen destroyed the folic acid present 
in liver extract to the extent of 50 to 60 per cent. This procedure is con- 
sequently of little practical value in obtaining desirable supplements. 

In general, loss of folic acid is greater in the case of crystalline vitamin 
in unbuffered solutions than in natural sources of this substance. At pH 
3 folic acid is readily destroyed under most. conditions and as the pH is 
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lowered it becomes progressively more unstable. Autoclaving for a period 
as short as 30 minutes at 121° and pH 1 causes 70 to 100 per cent destruc- 
tion. In the range from pH 4 to 12, while the destruction is slight in com- 
parison with that in the lower ranges, the loss is nevertheless significant. 
No loss was found upon autoclaving in the basal medium (pH 6.8) for 30 
minutes. Thus sterilization in the microbiological assay may be carried 
out without loss of the vitamin. 

A clear understanding of the stability of folic acid in the pernicious 
anemia liver extract is obscured by other factors. With increasing pH, 
above 7.0 the apparent folic acid increased during autoclaving at 121° for 
30 minutes over that in the untreated sample to a maximum gain of about 
40 per cent at pH 9, when the activity began to decrease with further in- 
creasing pH. At pH 12 it was still significantly greater than in the un- 
treated extract. It would appear then that under these conditions alkali 
either frees bound folic acid in the liver extract, making it available to 
Lactobacillus casei, or liberates growth-stimulating substances not available 
in the untreated sample and not present in the basal medium. 

These findings bring forcibly to attention the question of suitability of 
procedures for folic acid extraction. Data relative to the quantitative 
extraction of this vitamin for purposes of analysis have not been presented 
here, since there are still far too many unanswered questions to permit any 
satisfactory recommendation in cases of more complex materials. In 
many instances a preliminary hydrolysis of the substance is necessary to 
free the folic acid, followed by enzyme treatment for the purpose of releasing 
those bound forms not otherwise available to the organism. For example, 
one sample of yeast extract subjected to 7} hours of autoclaving at pH 4 
yielded a folic acid value in a slightly modified Teply medium (2) with 
Streptococcus faecalis R 10 times that found for the untreated sample. Sub- 
sequent enzyme treatment resulted in a value greater by 4 times that from 
autoclaving alone. Data are lacking relative to the completeness of ex- 
traction or degree of accompanying destruction in this case, as well as in 
work reported in the literature. Maximum values often used as a criterion 
are insufficient proof of true vitamin potency. 

Of a number of adsorbing agents that have been found useful in the 
study of organic compounds, only five were found to have any important 
capacity for the adsorption of folic acid under the conditions employed. 

The use of fluorescence offered a rapid and convenient means for esti- 
mating the degree of adsorption from solutions of the crystalline vitamin. 
It is suggested that the use of fluorescence may prove of value in the quanti- 
tative estimation of folic acid upon the selection of proper filters. A study 
of the use of this technique is being continued. 

The results reported in Table IT permitted a selection of the adsorbing 
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agents that showed most promise and these were used subsequently with 
the more complex solutions of liver extract and tomato juice serum. These 
latter studies, presented in Table III, indicate that the activated charcoals, 
Darco G-60, CRBX “E”’, and carboraffin, were most effective in removing 
folic acid. 

When the pH was varied and Darco G-60 was used, it was found that, of 
the three conditions studied, adsorption was greatest at the lowest pH 
(2.68). Under these conditions folic acid was completely removed from 
tomato juice serum with two adsorptions. Magnesia No. 2641 was com- 
pletely ineffective in its adsorbing capacity, three adsorptions at pH 4.3 
being required, as contrasted with complete adsorption by Darco G-60 
with the same number of treatments at the same pH. 


SUMMARY 


The stability of folic acid under conditions of extraction, sterilization, 
and storage involved in microbiological assay procedures for this vitamin 
has been studied. No loss of folic acid was observed during the steriliza- 
tion process, or during 3 months storage of stock solutions. Destruction 
during autoclaving for 30 minutes at pH 3.0 is marked, however, and be- 
comes progressively greater with lowered pH. 

In the interest of preparing folic acid-free supplements suitable for ad- 
dition to the basal medium, methods of removing folic acid from natural 
sources such as liver extract and tomato juice serum were examined. The 
use of heat in acid solution, irradiation, or treatment with sulfite was un- 
satisfactory for this purpose. Of a number of adsorbing agents studied 
activated charcoals were most efficient in removing folic acid from tomato 
juice serum, and a pH below 3.0 was most suitable for this purpose. For 
aqueous solutions of folic acid visual comparison of intensity of fluorescence 
after adsorption treatment was used to evaluate the adsorbing agents 


studied. 
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GROWTH INHIBITION OF BACTERIA BY SYNTHETIC 
PTERINS 


II. STUDIES WITH ESCHERICHIA COLI, STAPHYLOCOCCUS AUREUS, 
AND LACTOBACILLUS ARABINOSUS SHOWING SYNERGISM 
BETWEEN PTERIN AND SULFONAMIDE* 


By LOUISE J. DANIEL anp L. C. NORRIS 


With THE TECHNICAL ASSISTANCE OF LENA STRUGLIA AND FLORENCE SCHENKER 


(From the Agricultural Experiment Station and the School of Nutrition, 
Cornell University, Ithaca) 


(Received for publication, July 11, 1947) 


Daniel, Norris, Scott, and Heuser (1) reported that several 2 ,4-diamino 
pterins inhibit the growth of Streptococcus faecalis and Lactobacillus caset, 
which require preformed folic acid, and Lactobacillus arabinosus, which 
synthesizes its own needs of the vitamin. Lampen and Jones (2) have 
shown that sulfonamides inhibit growth of bacteria by interfering with 
the synthesis of folic acid. The inhibitory pterins are believed to stop 
bacterial growth by preventing the use of folic acid. 

The studies reported here demonstrate that several of these pterins 
also inhibit the growth of Escherichia colt and Staphylococcus aureus, which 
synthesize folic acid, and show that a synergistic effect is obtained by 
adding both pterin and sulfonamide to the basal media of these bacteria 
and Lactobacillus arabinosus. 


EXPERIMENTAL 


Cultures and Media—The cultures of Escherichia coli and Staphylococcus 
aureus were obtained from Dr. I. C. Gunsalus, Department of Bacteriology, 
Cornell University, and the culture of Lactobacillus arabinosus from the 
American Type Culture Collection. The culturing of the latter organism 
and the medium employed for assay have been described in the previous 
report (1). Escherichia coli and Staphylococcus aureus were carried on agar 
slants composed of 0.3 per cent beef extract, 0.5 per cent peptone, and 1.5 
per cent agar. Weekly transfers were made through broth of the same 
composition with the omission of agar. 


* This work was undertaken in cooperation with the Office of Naval Research, 
Navy Department, Washington, D. C., and was aided by grants to Cornell University 
by the Nutrition Foundation, Inc., New York, and the Western Condensing Com- 
pany, Appleton, Wisconsin. The work was conducted in the Nutrition Laboratories 
of the Department of Poultry Husbandry. 
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The medium used for Escherichia coli contained 5.0 gm. of NH, citrate, 
3.0 gm. of KH2PO,, 3.0 gm. of NaCl, 0.2 gm. of Na2SO,, 0.05 gm. of FeSQ,-- 
7H,0, 15.0 mg. of niacin, 2.0 gm. of glucose, 0.5 gm. of casein hydrolysate, 
and 30 ml. of single strength Streptococcus faecalis medium (3) made up to 
1 liter with H,O at pH 6. 5 ml. of this medium were placed in each assay 
tube and the supplements were added to a total volume of 10 ml. 

For Staphylococcus aureus the medium of Kligler, Grossowicz, and 
Bergner (4) was used. This was modified to contain NaCl 10 gm., 
Na,HPQ, 7 gm., casein hydrolysate 10 gm., L-tryptophan 200 mg., glucose 
4.5 gm., thiamine 4 y, niacin 400 y, and water to a volume of 1 liter at 
pH 7.2 to 7.4. Supplements were added to 5 ml. of this medium and the 
final volume made to 10 ml. 50 ml. Erlenmeyer flasks were employed for 
assay vessels instead of culture tubes, because of the greater surface 
afforded for contact with air. 

The culture of Escherichia coli did not grow well on the inorganic salts- 
glucose medium, but grew very rapidly in a complete medium described 
by Snell, Guirard, and Williams (3). The organism was adapted to the 
salts-glucose medium over a period of several weeks by gradually decreasing 
the proportion of complete medium and increasing the simple medium, as 
reported by Shive and Macow (5). Escherichia coii was then carried by 
daily transfers into 10 ml. of salts-glucose medium supplemented with 
0.15 ml. of complete medium. After 20 to 24 hours incubation at 37°, 
the culture was used to inoculate the assay tubes by transferring a loopful 
of inoculum into each tube. The tubes were incubated at 37° for 16 to 
18 hours. After 4 weeks of this daily transfer, the culture gradually 
became less active, and readaptation was necessary. 

Staphylococcus aureus was transferred from the stock slant to a nutrient 
agar slant and grown for 20 to 24 hours at 37°. The organisms were 
scraped off by sterile loop and suspended in 10 ml. of sterile saline, until 
the turbidity of the suspension read 20 to 30 on the Coleman spectropho- 
tometer when set at a wave-length of 650 my. The assay flasks were inocu- 
lated by loop and incubated at 37° for 16 to 18 hours. At the end of the 
incubation period, the growth of all organisms was measured turbidi- 
metrically by use of a Coleman spectrophotometer. 

Compounds Used—The synthetic pterins' used in these studies have 
been described previously (1). The names of these compounds are pre- 
sented in Table I. 

Methods—In studies with Escherichia coli and Staphylococcus aureus 
increasing amounts of pterin and sulfathiazole were added alone and in 
combination to the assay vessels. With Lactobacillus arabinosus the 


1 The synthesis of these compounds is reported by Mallette, M. F., Taylor, E. C., 
Jr., and Cain, C. K. (J. Am. Chem. Soc., 69, 1814 (1947)). 
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ate, TaBLe | 
\yr- } Synthetic Pterins Studied 
ite, Compound No. Name 
) to 
ay » 3 2,4-Diamino-6, 7-dimethylpyrimido(4,5-b) pyrazine 
2 2,4-Diamino-6,7-dicarboxypyrimido(4,5-b)pyrazine 
d | 3 2,4-Diamino-7-carboxypyrimido(4, 5-b)pyrazine 
= 4 2,4-Diamino-6, 7-diphenylpyrimido(4,5-b)pyrazine 
n., 5 2,4-Diaminopyrimido(4, 5-b)pyrazine 
2se 
ms Tasie II 
ne Inhibition of Growth of Escherichia coli by Synthetic Pterins and Sulfonamide 
ce ; Cogpeund Cumgound Sciienaniée a. Compound Compound Sullenpayite _ 
ts- > per 10 ml. | y per 10 ml. vy per 10 ml. | y per 10 ml. 
ed 0 0 36 4 300 0 38 
' 0 5 38 600 0 64 
" 0 10 39 900 0 76 
1g 0 20 52 1200 0 79 
AS 0 50 86 1500 0 St 
ry 0 100 94 100 0 36 
~: 4 1 1000 0 66 100 5 48 
- 2000 0 88 100 10 89 
’ 3000 0 95 100 20 96 
ul 100 0 36 5 1000 0 36 
0 100 5 42 2000 0 46 
y 100 10 57 3000 0 52 
100 20 88 4000 0 64 
2 1000 0 36 5000 0 69 
t 5000 0 47 1000 5 4 
€ 1000 5 40 1000 10 46 
il 1000 10 50 1000 20 75 
* 1000 20 77 
. 3 1000 0 37 
| 5000 0 56 
. 1000 5 38 
P 1000 10 39 st 
| 1000 20 52 : 
, * Sulfathiazole. 
. t A reading of 100 represents no growth. 
, synergistic effect was shown by adding graded levels of sulfathiazole to an 


ineffective level of pterin. The antagonistic effect of folic acid? on the 


* The authors are indebted to the Lederle Laboratories Division, American Cy- 
anamid Company, Pearl River, New York, for synthetic folic acid. 
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pterin and sulfonamide inhibition was shown for each organism by adding 
varying amounts of the vitamin. 


Results 


Synergism of Pterin and Sulfonamide—The results of studies with 
Escherichia coli and Staphylococcus aureus are presented in Tables II and 
III. When added alone, the dimethyl (Compound 1) and diphenyl 


TaBie III 
Inhibition of Growth of Staphylococcus aureus by Synthetic Pierins and | Sulfonamide 















































Cagpeund ar = ~~ ter reading? a | Capes | Sullonamide | ca 
v per 10 ml. | 1 fer 10 ml | y per 10 mi. y per 10 ml. | 
0 0 15 3 1000 | 0 25 
0 5 22 | 5000 o | m 
0 10 pe 1000 5 | 78 
0 20 30 | 1000 10 3| ~~ 88 
0 50 48 1000 20 | 91 
0 100 68 4 300 0 49 
0 400 82 600 0 64 
0 1000 85 900 | 0 72 
1 500 0 44 1200 0 86 
1000 0 74 1500 0 90 
1500 0 96 20 0 16 
20 0 13 20 5 27 
20 5 16 . 20 10 62 
20 10 | 2 20 20 71 
20 2 | 9 5 1000 | 0 24 
2 1000 0 19 5000, | 0 39° 
5000 0 17 1000 | 5 37 
| §00 | 0 | 1000 | = 10 61 
| §00 | 5 49 1000 | 92 
| 900 | 10 79 
500 20 95 











* Sulfathiazole. 
t A reading of 100 represents no growth. 





(Compound 4) pterins were the most effective in inhibiting the growth 
of both organisms, although S. aureus seemed to be more susceptible 
to pterin inhibition than EZ. coli. The combined addition of a low level 
of pterin and sulfonamide produced a marked inhibition of the growth of 
E. coli and S. aureus, showing considerable synergism between these two 
compounds. The carboxy pterins (Compounds 2 and 3) had little effect 
on the growth of Z. coli with or without sulfathiazole, whereas with S. 
aureus these acid derivatives showed a definite synergistic effect when 
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ing added with the sulfonamide. Compound 5, 2,4-diaminopyrimido(4 ,5-b)- 
) pyrazine, exhibited only slight antibacterial action on E. coli and S. aureus, 





























TaBLe IV 
ith | Inhibition of Growth of Lactobacillus arabinosus by Synthetic Pterins and Sulfonamide 
ind Galvanometer readingt 
nyl Compound No. Compound added | Sulfonamide added* 
Without PABA With PABAt 
+ per 10 ml. ¥ per 10 ml. 
ide 0 0 10 5 
= 0 10 33 13 
“4 0 50 39 20 
oe 0 100 45 48 
0 1,000 55 56 
0 10,000 60 65 
1 100 0 40 5 
100 10 66 64 
100 100 79 75 
100 1,000 90 82 
2 1000 0 10 5 
1000 10 59 20 
1000 100 58 49 
1000 1,000 58 64 
3 1000 0 11 5 
1000 10 60 52 
1000 100 75 70 
1000 1,000 85 85 
4 2 0 6 
2 10 44 
2 100 78 
2 1,000 86 
0.5 0 37 
0.5 10 71 
0.5 100 78 
0.5 1,000 82 
5 1000 0 28 5 
1000 10 63 25 
1000 100 69 61 
| 1000 | 1,000 | 67 75 
* Sulfathiazole. 
, t A reading of 100 represents no growth. 
tly of PABA added per tube. 
) but when added with sulfathiazole showed a considerable sytergistic 
| | effect, especially with S. aureus. 


The results obtained with Lactobacillus arabinosus are presented in 
Table IV. Studies were made with and without the addition of p-amino- 
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benzoic acid (PABA) to the medium. The amount of PABA present 
in the medium was so small that it could not be detected by the usual 
Acetobacter suboxydans assay (6). JL. arabinosus was found to be rather 
resistant to sulfathiazole. It required large amounts of the drug to bring 
about inhibition, and even at 10,000 y per 10 ml. the inhibition was not 
complete. Low levels of sulfathiazole had more effect on the growth of 
L. arabinosus when PABA was absent than when it was in the medium. 
This is as expected, since more folic acid was synthesized when PABA was 
present. When 1 y of PABA was added per 10 ml. of medium, 0.1 to 
0.2 y of folic acid was found. On the other hand, when L. arabinosus was 
grown on medium containing no added PABA, no folic acid was detected 
in the medium as determined by Streptococcus faecalis assay. 

Synergism was shown between the pterins and sulfathiazole with Lacto- 
bacillus arabinosus also. The diphenyl pterin (Compound 4) was the most 
active, since only 0.5 y of the compound per tube was needed to exhibit 
the synergistic effect without PABA in the medium, and 2 y with PABA. 
The 6,7-dicarboxy pterin (Compound 2) showed very slight if any effect, 
and the 7-carboxy derivative (Compound 3) was somewhat more effective, 
as was 2,4-diaminopyrimido(4,5-b)pyrazine (Compound 5). The di- 
methyl] pterin (Compound 1) was intermediate in its action. 

Antagonism of Inhibition by Folic Acid—The results showing the antag- 
onism of pterin and sulfonamide inhibition of growth of Escherichia coli and 
Staphylococcus aureus by folic acid are presented in Table V. Folic acid 
completely overcame the inhibition of growth of these organisms, caused 
by low levels of pterin and sulfonamide. When higher levels of pterin and 
sulfathiazole were used, the antagonism was only partial. The antago- 
nism seemed to be competitive regardless of whether the sulfathiazole or 
pterin was varied. 

On the other hand, when the inhibition of pterin or sulfonamide was 
studied separately, the effect of added folic acid was non-competitive in 
nature, as is shown in Tables VI and VII. When folic acid was added at 
levels of 0.1 to 10,000 y per tube, the same amount of pterin brought about 
inhibition of growth of Escherichia coli and Staphylococcus aureus. Al- 
though the folic acid concentration varied over a 10,000- to 100,000-fold 
range, 1500 to 2000 y of the dimethyl pterin (Compound 1) inhibited the 
growth of both organisms. 

In the previous paper (1) it was reported that folic acid antagonized the 
pterin inhibition of Lactobacillus arabinosus when no PABA was present in 
the medium. It has been found that if 1 y of PABA was added per tube 
5000 + of added folic acid had no antagonistic effect on the inhibition. 

Folic acid when supplied at high levels antagonized the inhibition of 
growth of Escherichia coli and Staphylococcus aureus caused by sulfon- 
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ual , amides. Lampen and Jones (2) reported that folic acid did not overcome 
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her | the sulfonamide inhibition of 2. coli and S. aureus. However, these 
ing | 
not TABLE V 
of Antagonism of Pterin and Sulfonamide Inhibition of Growth of Escherichia coli and 
a Staphylococcus aureus by Folic Acid 
p Pterin added* or: | Folic acid addedg | Galvanometer 
Oo | 
vas ie y per 10 ml. > per 10 ml. 7 per 10 ml. 
ted Escherichia coli 0 | 0 0 36 
250 10 | 0 100 
[ 250 10 10 69 
to- | | 250 | 10 | 100 48 
ost | | 250 | 10 1,000 | 36 
bit | | 500 | 10 | 4 100 
A. 500 10 10 93 
ot | 500 10 | 100 77 
, | 500 10 1,000 43 
ve, 500 10 10,000 36 
di- | 500 5 0 95 
500 5 | 10 88 
g- | 500 | 5 | 100 52 
nd 500 | 5 1,000 38 
: Staphylococcus 0 0 | 0 15 
id aureus | 100 | 5 0 | 93 
ed | 100 5 | 10 96 
rd | 100 5 100 59 
0- 100 5 1,000 | 30 
100 | 5 10,000 18 
= 250 5 0 95 
250 5 10 96 
AS 250 5 100 95 
in 250 5 1,000 85 
at 250 5 | 10,000 84 
it 100 10 0 92 
100 10 10 96 
1- 100 10 100 97 
ld 100 10 1,000 50 
e 100 10 10,000 22 
* 2,4-Diamino-6,7-dimethylpyrimido(4,5-b) pyrazine. 
~ t Sulfathiazole. 
n t Synthetic folie acid. 
e § A reading of 100 represents no growth. 
if workers used low levels of folic acid. From the data presented here, it is 
" evident that 1000 y of folic acid per 10 ml. of medium will produce ap- 


proximately normal growth of both organisms up to a certain concentration 
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TABLE 


VI 
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Il 


Non-Antagonistic Effect of Synthetic Pterin and Folic Acid on Growth of Escherichia 
coli and Staphylococcus aureus 





Escherichia coli 


Staphylococcus 
aureus 








| 


Folic acid added,t y per 10 ml. 











Pterin 
= | 0 | out 1 | 100 | 1000 | 10,000 
¥ per 10 ml. | | 
500 | 36% | 3% | 38 | 38 | 39 | 37 
1000 | 66 6 | 6 | 6 | 68 | 65 
1500 | 83 7 | 8 | 7 | 7% | 8&1 
2000 | 88 9 | 89 | 91 88 84 
500 | 44 42 | 41 | 38 | 38 | 38 
1000 | 74 | 72 74 | 72 | Wi 68 
1500 | 9% | 9% | 9 | 94 | 9% | 95 








t Synthetic folic acid. 


{t Galvanometer readings; 100 represents no growth. 


TABLE VII 


Antagonism of Sulfonamide Inhibition of Growth of Escherichia coli, Staphylococcus 
aureus, and Lactobacillus arabinosus by Folic Acid 


* 2,4-Diamino-6,7-dimethylpyrimido(4,5-b)pyrazine. 





Folic acid added,* y per 10 ml. 








Escherichia 


Staphyloc occus 
aureus 


Lactobacillus 
nosus, with 


PABA 


Lactobacillus arabi 
nosus, without 
PABA 








* Synthetic folic acid. 


7 Galvanometer readings; 100 represents no growth. 





Sulfa- 
thiazole 
added 0 0.1 
per 10 mil. 
coli 0 38t 
20| 52 | 
100 94 | 
1,000 | 95 | 
10,000 | 95 | 
0 15 
50 | 48 
100 | 68 
500 | 83 | | 
1,000 | 85 | | 
10,000 | 90 | | 
arabi 0 | 5 5 
100 | 48 53 | 
| 1,000! 56 | 63 | 
| 4,000) 60 | 56 | 
0} 10 9 
| 100 | 45 | 53 
1,000' 55 | 62 
4,000! 57 | & 


1 





5 
16 
12 
32 
10 
22 
15 
28 





| 10 100 | 1000 | 5000 | 10,000 
| 8] @ | 3 | 38 
| 46 | 41 35 | 36 
| & | 3% | 37 | 37 
86 58 | 36 | | 37 
93 a | ot | «4 
| 938 | 92 | 91 | | 86 
| |} 16 | 15 | 15 | 
| 48 | 2 | 17 | 
57 30 | 20 
75 | 24 | 24 | 
| 8 | 80 | 50 | 
| 88 90 87 | 
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of sulfathiazole. Above 100 y of sulfathiazole per tube for 2. coli and 
above 500 y for S. aureus, the antagonism is partial or absent. This 
appears to be an example of non-competitive antagonism. 

The results of a study of the antagonism of sulfonamide inhibition of 
Lactobacillus arabinosus by folic acid are presented in Table VII. It is 
evident that this antagonism is non-competitive whether PABA is present 
in the medium or not. As soon as the requirement of L. arabinosus for 
folic acid was met, the amount of sulfathiazole present was of no 
importance. 


DISCUSSION 


The results presented in this paper demonstrate that certain 2 ,4-diamino 
pterins show marked antibacterial action against Escherichia coli and 
Staphylococcus aureus and act synergistically with sulfathiazole to inhibit 
the growth of bacteria that synthesize folic acid. Synergism between the 
pterins and sulfonamides is to be expected, since they are competing with 
two different parts of the folic acid molecule. Beerstecher and Shive (7) 
have suggested that synergism usually occurs when two inhibitors prevent 
the functioning of two different enzymes in one series of enzymatic re- 
actions. The synergism shown by sulfonamide and pterin is one in which 
there are two inhibitors, one of which prevents the functioning of an enzyme 
active in the synthesis of folic acid, and the other of which appears to 
prevent the formation of an enzyme in which folic acid probably acts as the 
prosthetic group. The inhibitory pterins may prevent the formation of 
the protein complex by competing with folic acid for the same position on 
the protein surface. 

Folic acid has been shown in a previous report (1) to antagonize the 
inhibition of growth of Streptococcus faecalis, Lactobacillus casei, and 
Lactobacillus arabinosus (without PABA) caused by the 2,4-diamino 
pterins. Folic acid overcomes pterin inhibition of growth of Escherichia 
coli and Staphylococcus aureus at low levels of the compounds, but only in 
the presence of sulfonamide. The antagonism seems to be competitive 
within a narrow range. As the level of sulfonamide or pterin is raised, 
more folic acid is required to overcome the inhibition. 

When the pterin is added alone, the antagonism of folic acid is ineffective. 
No matter how much folic acid is added, a constant amount of pterin will 
inhibit growth. The explanation of this is uncertain, but it may be that 
the pterin is preferentially adsorbed on the protein surface, or that little 
of the folic acid can penetrate the cell structure under these conditions 
and be used. 

Sulfathiazole and folic acid exhibit non-competitive antagonism at 
relatively low levels of sulfonamide for Escherichia coli, Staphylococcus 
aureus, and Lactobacillus arabinosus. Since sulfonamides interfere with 
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the synthesis of folic acid and not with its use, it is logical that this antago- 
nism should be non-competitive in nature. 

The results obtained in these studies point to the possibility of using the 
inhibitory pterins in conjunction with sulfonamides in therapy, thereby 
decreasing the amount of sulfonamides required. The possible use of 
these pterins in other bacterial infections not affected by sulfonamides 
should not be overlooked, since these compounds are effective against 
those organisms that require folic acid, whether they need the vitamin 
preformed or synthesize it. 

SUMMARY 

Several synthetic pterins have been shown to possess marked anti- 
bacterial properties for Escherichia coli and Staphylococcus aureus. These 
compounds exhibit synergism with sulfathiazole in inhibiting the growth 


of organisms that synthesize folic acid. This inhibition is antagonized 
competitively by folic acid at low levels of the pterin and sulfonamide. 
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SEPARATION OF ANTINVASIN I INTO TWO COMPONENTS 
Sirs: 


The presence of an antihyaluronidase factor in normal serum has been 
established. Since hyaluronidase, which mediates spreading and invasion 
of bacteria and venoms, is inactivated in the course of this enzymatic re- 
action, the term antinvasin I has been introduced for the substance which 
inactivates hyaluronidase.' 

In the course of isolation and purification of antinvasin I from serum, 
two individual fractions have now been obtained. Each of these fractions 
alone is practically inactive, but recombination of the two fractions results 
in the restoration of the original antinvasin I activity, as indicated by the 
rapid destruction of hyaluronidase. 

The method of separation of antinvasin I into two components has been 
established for hog serum. Preliminary evidence indicates that with a 
somewhat modified procedure antinvasin I of human and rat serum like- 
wise may be separated into two components and that the activity can be 
recovered by recombination of the two fractions. 

That the reaction of antinvasin I derived from various species is not 
specific has been confirmed and extended here in experiments with the two 
individual components. Cross-reactions with heterologous serum fractions 
showed that antinvasin I activity was restored when Fraction I from human 
serum was combined with Fraction II from hog serum or vice versa. 

For the separation of Component I, hog serum is cooled to —2°, the pH 
is adjusted to 8.4, and cold ethanol is slowly added to a total concentration 
of 25 per cent. Component II under these conditions remains essentially 
in solution. The precipitate which contains Component I is separated by 
centrifugation and dissolved at pH 7.5 in a solution 0.02 m with respect to 
sodium chloride. 

Component II is precipitated from the supernatant solution by readjust- 
ing the hydrogen ion concentration to 6.1. The precipitate containing 
Component II is collected by centrifugation, dissolved in water, and neu- 
tralized. The antinvasin I activity of whole hog serum, of the two in- 
dividual fractions, and of the recombined components is demonstrated in 
the table. The viscosimetric method previously described was used for 
testing antinvasin I activity.! 


1 Haas, E., J. Biol. Chem., 163, 63 (1946). 
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| . . 
Experiment No. | Test substance Antinvasin I 





activity 
per — 
I Serum (0.1 ml.) 100 
II Fraction I obtained from 0.1 ml. serum 14 
ILI Zz * @1 * ee 7 
IV Fractions I and II obtained from 0.1 ml. serum, 100 


combined 





The results, summarized in the table, indicate that for antinvasin I 
activity the participation of at least two components is required. The 
small activity observed in Experiments II and III presumably is due to 
incomplete separation of the two components. Both components are ap- 
parently of protein nature. The one present predominantly in Fraction 
II is heat-labile; incubation for 30 minutes at 60° results in a complete loss 
of activity. The other component, present essentially in Fraction I, is 
less heat-sensitive and retains its activity under the conditions indicated. 
Based on this difference in response to elevated temperature a second 
method of separation of the two components is provided. 

Thus it has been shown that there are at least two components of antin- 
rasin I and that they can be separated by fractionation with ethanol or by 
selective denaturation at elevated temperature. 


Institute for Medical Research ALFRED GOLDBERG 
Cedars of Lebanon Hospital Erwin Haas 


Los A nge le g 


Received for publication, August 11, 1947 








THE ACTION OF RIBONUCLEINASE ON YEAST NUCLEIC ACID* 
Sirs: 


The use of enzymes as tools for the elucidation of the structure of ribonu- 
cleic acid which was introduced by Thannhauser' has been greatly stimu- 
lated by the isolation of ribonucleinase in crystalline form by Kunitz. The 
mechanism of the action of this enzyme is as yet unknown except for the 
fact that it involves the transformation of phosphoric acid diester groups 
into phosphoric acid monoester groups.* 

We found that the hydrolysis of yeast ribonucleic acid by Nn sodium 
hydroxide as well as by ribonucleinase is accompanied by the appearance 
of organic phosphorus compounds from which inorganic phosphate is 
rapidly formed during a subsequent short incubation with acid prostate 
phosphatase,‘ while ribonucleic acid itself is completely resistant against 
prostate phosphatase under the same conditions. The effect of alkali on 
nucleic acid differs sharply from that of ribonucleinase, inasmuch as after 
treatment with N sodium hydroxide the P groups are quantitatively re- 
leased as inorganic P during the subsequent incubation with prostate 
phosphatase, while an exhaustive hydrolysis with ribonucleinase renders 
only approximately 25 per cent of the total P groups hydrolyzable by 
prostate phosphatase. 

Since, under the conditions of our experiments, all mononucleotides are 
practically quantitatively dephosphorylated by prostate phosphatase, this 
means that alkali hydrolysis results in the complete cleavage of ribonucleie 
acids to mononucleotides, whereas after exhaustive digestion of ribonucleic 
acid with ribonucleinase, at least 75 per cent of the P groups are present 
in the form of lower polynucleotides. 

By the application of a new hydrolysis method’ which permits the quanti- 
tative partition of ribonucleotide mixtures into purine and pyrimidine 
nucleotides, it could be demonstrated that the inorganic phosphate resulting 


* This study was aided by grants from the Rockefeller Foundation, the American 
Cancer Society, Inc., the Godfrey H. Hyams Trust Fund, the Bingham Associates 
Fund, and the Charlton Fund. 

1 Thannhauser, 8. J., Z. physiol. Chem., 91, 329 (1914). 

2? Kunitz, M., J. Gen. Physiol., 24, 15 (1940). 

’ Allen, F. W., and Eiler, J. J., J. Biol. Chem., 187, 757 (1941). 

* Bolomey and Allen (J. Biol. Chem., 144, 113 (1942)) have already reported that 
the dephosphorylation of ribonucleic acid by almond phosphatase is greatly increased 
when it is preceded by incubation of the substrate with ribonucleinase. 

5 Schmidt, G., Cubiles, R., and Thannhauser, 8. J., Cold Spring Harbor symposia 
on quantitative biology, Cold Spring Harbor, 12 (1947). 
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from the combined action of ribonucleinase and prostate phosphatase on 
veast ribonucleic acid originates exclusively from the pyrimidine nucleotide 
groups of ribonucleic acid. The acid-soluble polynucleotide fraction 
formed by the combined action of both enzymes was isolated in good yield. 
It was found to be resistant against prostate phosphatase. The ratio, 
purine nucleotide P to pyrimidine nucleotide P, in this polynucleotide 
fraction practically equals 2:1 as compared with the ratio 2:2 found in the 
original ribonucleic acid. 

We conclude from these observations that the action of ribonucleinase 
involves specifically the pyrimidine nucleotide groups of ribonucleic acid. 
This conclusion is essentially in agreement with observations recently 
reported by Loring, Carpenter, and Roll. In contrast to the opinion of 
these authors we conclude that not only the slowly diffusible but also a 
considerable portion of the fast diffusible split-products are polynucleotides. 

The application of prostate phosphatase to the analysis of nucleotide 
mixtures is a suitable means for the quantitative partition of monoester 
and diester P groups. It is particularly valuable for the purpose of estimat- 
ing the maximally possible amount of mononucleotides present in such 
mixtures. In the isolation of ribopolynucleotides, prostate phosphatase 
can be used with great advantage for the complete removal of mono- 


nucleotides. 

Boston Dispensary GERHARD SCHMIDT 
Tufts Colle ge Medical School LICARDO CUBILES 
Boston Bessie H. Swartz 


S. J. THANNHAUSER 


Received for publication, September 9, 1947 





6 Loring, H.S., Carpenter, F. H., and Roll, P. M., J. Biol. Chem., 169, 601 (1947). 








THE ENZYMATIC MECHANISM OF ARGININE FORMATION 
FROM CITRULLINE* 


Sirs > 


The synthesis of arginine from citrulline and glutamic or aspartic acid in 
kidney slices,! and from citrulline, glutamic acid, and catalytic amounts of 
ATP in kidney and liver homogenates,” has hitherto been effected only 
under aerobic conditions. A soluble enzyme, free of pyridine nucleotides, 
has now been obtained by alcohol fractionation of a buffered extract of beef 

















Micromoles substrate added Micromoles found 
pL-Aspartic L-Glutamic Oxalaceti: ” : L-Phospho- ’ aoe 
aaa osha oak : L-Citrulline cheeaie wit Urea* | L-Malic acid 
10) 20 30 9.3f 9.5 
20 20 30 0.2 0.2 
20 30 20 30 8.6 9.0 
30 20 30 0.1 0.0 
20 30 30 0.0 0.2 
10 30 0.0 0.2 
40 20 0.9 








* Since the preparation contained arginase, arginine was estimated as urea. 

+t When phosphoglyceric was replaced by 8 micromoles of ATP, 3.2 micromoles 
of urea were found; inhibition was observed with higher ATP concentrations. The 
reaction mixtures were incubated at 38° for 60 minutes. Each tube contained 
2.2 X 10°? mM MgSO,, 3.3 X 10 mw ATP, 3.3 X 107 M potassium phosphate, pH 7.4, 
expressed as final concentrations, 0.6 ml. of thoroughly dialyzed enzyme solution 
containing 28 mg. of protein, and neutralized substrates as indicated in the table. 
The final volume was 3 ml. Urea was estimated colorimetrically (Archibald, R. M., 
J. Biol. Chem., 187, 507 (1945)) and malice acid was estimated enzymatically (Ochoa, 
S., Mehler, A., and Kornberg, A., J. Biol. Chem., 167, 871 (1947), and personal com- 


munication). 


liver acetone powder which catalyzes the anaerobic formation of arginine 
and malic acid from citrulline and aspartic acid in the presence of Mg**, 
catalytic amounts of ATP, and phosphoglyceric acid as ATP generator 
(see the table). Aspartic acid may be replaced by a mixture of glutamic 
and oxalacetic acids because, under these conditions, aspartic acid is formed 
by transamination. The reactants may therefore be restricted to aspartic 
acid, citrulline, and high energy phosphate. 
* Aided by a grant from the United States Public Health Service. 


! Borsook, H., and Dubnoff, J. W., J. Biol. Chem., 141, 717 (1941). 
2 Cohen, P. P., and Hayano, M., J. Biol. Chem., 166, 239 (1946) ; 166, 251 (1946). 
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The failure of slices and homogenates to form arginine anaerobically 
can be ascribed to the fact that aerobic conditions are required for the 
generation of ATP by oxidation of keto acids.’ Aerobically then glutamic 
acid must act as a substrate for ATP generation, as a precursor of oxalacetie 
acid, and in the formation of aspartic acid by transamination. It is of 
interest that in homogenates aerobic arginine production is accelerated by 
the addition of oxalacetic acid.* 

The experimental data fail to support the hypothesis of transimination 
which postulates the oxidative removal of 2 H atoms.! The reaction may 
be formulated as an exchange of an OH and an NHz» group in a manner 
analogous to transamination; it is assumed that citrulline is in equilibrium 
with an isourea form.’ 


R NH COOH R NH COOH 

| H | -H#.0 ! i H +H,0 
N—COH + HN—CH ——— N—C—N—CH i 
H 
H H.CCOOH H.CCOOH 
Citrulline Aspartic acid 


R NH COOH 

N—C—NH: + HOCH 

H H.CCOOH 
Arginine Malic acid 


In assigning a precise rdle to the high energy phosphate, one possibility 
is phosphorylation of the hydroxyl group in the isourea form of citrulline, 
in which case H;PO, rather than H,O would be split off on condensation. 


Department of Pharmacology S. RATNER 
New York University College of Medicine 
New York 


Received for publication, September 18, 1947 
3 Ochoa, 8., J. Biol. Chem., 155, 87 (1944). 


‘4 Unpublished data of the author. See also Borsook, H., and Dubnoff, J. W., 
J. Biol. Chem., 169, 461 (1947). 
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Soy bean, Kies, 121 
Liver: Biotin fixation, Ochoa, Mehler, 
Blanchard, Jukes, Hoffmann, and 
Regan, 413 


Carbon dioxide fixation, Ochoa, Mehler, 
Blanchard, Jukes, Hoffmann, and 
Regan, : 413 

Cystathionine stereoisomers, cleavage, 
effect, Anslow and du Vigneaud, 245 

Homogenates, ornithine conversion to 
citrulline, effect, Cohen and Hayano, 

687 

Metabolism, antistiffnmess factor, in 
vitro, effect, Simonsen and van Wag- 
tendonk, 239 

Oxidations, kojic acid effect, Klein 
and Olsen, 151 

Testosterone metabolism to A‘- andro- 
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Liver—continued: 
stenedione-3,17, effect, Clark and 
Kochakian, 23 
Testosterone metabolism to cis-testoste- 
rone, effect, Clark and Kochakian, 23 


M 


Manganese: Biological material, deter- 
mination, micro-, catalysis use, Kun, 


509 

Determination, microbiological, Bent- 
ley, Snell, and Phillips, 343 
Mannitol: Blood plasma, determination, 
Corcoran and Page, 165 
Urine, determination, Corcoran and 
Page, 165 
Metabolism: Tissue, fluoroacetate effect, 
Bartlett and Barron, f 67 


Methionine: Transmethylation, deuter- 
ium in methyl group, use, Simmonds, 
Cohn, and du Vigneaud, 631 

Methylnicotinamide: N'-, acetone and, 
condensation product, fluorescent, 
Robinson, Levitas, Rosen, and Perl- 


zweig, 653 
Mineral (s) : Lactic acid bacteria, require- 
ments, MacLeod and Snell, 351 


Muscle: Adenylic acid nitrogen, reju- 
venation in vivo, isotopic nitrogen in 
study, Kalckar and Rittenberg, 455 

Extract, lipoxidase, Watts and Peng, 
441 


N 


Niacin: -Tryptophan-deficient diets, 
growth effect, Henderson, Deodhar, 
Krehl, and Elvehjem, 261 

Nicotinamide: N'-Methyl-, acetone and, 
condensation product, fluorescent, 
Robinson, Levitas, Rosen, and Perl- 
zweig, 653 

Nitrogen: Muscle, adenylic acid, reju- 
venation in vivo, isotopic nitrogen in 
study, Kalckar and Rittenberg, 455 

Nitrophenol: p-, acyl esters, esterase de- 
termination, colorimetric, | sub- 


strates, Huggins and Lapides, 467 | 


Nitropheny! sulfate: p-, phenolsulfatase 
determination, substrate, Huggins 
and Smith, 391 





Nuclease: Ribo-, blood cell, red, para- 
sitized, chick, activity, Miller and 
Kozloff, 105 

Nucleic acid: Combining reagents, pter- 
oylglutamic acid conjugase, effect, 
Mims, Swendseid, and Bird, 367 

Yeast, ribonucleinase action, Schmidt, 
Cubiles, Swartz, and Thannhauser, 
759 

Nucleinase: Ribo-, yeast nucleic acid, 
action, Schmidt, Cubiles, Swartz, 
and Thannhauser, 759 

Nucleotide(s): Pyridine, tissue, deter- 
mination, Robinson, Levitas, Rosen, 
and Perlzweig, 653 


oO 


Oleic acid: Lactic acid bacteria growth, 
effect, Williams, Broquist, and Snell, 

619 

Related compounds, lactic acid bacteria 
growth, effect, Williams, Broquist, 
and Snell, 619 
Organic compound(s): Identification, 
micro, distribution studies, Sato, 


Barry, and Craig, 501 
Ornithine: Citrulline, relation, liver 
homogenate effect, Cohen and 
Hayano, 687 
Oxidative reaction: Fermentation, mech- 
anism, Meyerhof and Oesper, 1 

P 


Pancreas: Protein B, crystalline, pro- 
teolytic activity, Keith, Kazenko, 
and Laskowski, 227 

Penicillin (s):G, determination, Grenfell, 
Means, and Brown, 527 

Naturally occurring, Grenfell, Means, 
and Brown, 527 

Peptidase: Carboxy-, crystalline, Neu- 

rath, Elkins, and Kaufman, 221 
Dehydro-, zinc effect, Yudkin and 


Fruton, 421 
Periodate: Hydroxyproline oxidation, ef- 
fect, Carter and Neville, 301 


Phenolsulfatase: Determination, p-ni- 
tropheny! sulfate as substrate, Hug- 
gins and Smith, 391 





776 


Phenylalanine: Adrenalin, radioactive, 


biological synthesis from, Gurin and 


Delluva, 545 
Tyrosine and, interrelations, chick, 
Grau, 661 
Utilization, Albanese, Irby, and Lein, 
731 

Phospholipide(s): Cleavage, brain, 
Spe rry, 675 


Tissue, diet relation, Ariom and Fish- 


man, 587 
—, dietary lactose, effect, Artom and 
Fishman, 587 


Phosphorylase: Sucrose, bacterial, Dou- 
doroff, Barker, and Hassid, 147 
Pigment(s): Carotenoid, Carr-Price col- 
ors, temperature effect, Caldwell and 
Hughes, 97 
Plant: Acetylesterase, diisopropyl flu- 
orophosphate effect, Jansen, Nut- 
ting, and Balls, 417 
Transaminases, Leonard and Burris, 
701 

Pregnancy: Bile estrone, isolation, Pearl- 
man, Rakoff, Cantarow, and Pasch- 
kis, 173 
Proline: Hydroxy-, oxidation, periodate 
effect, Carter and Neville, 301 
Protein (s): B, pancreas, crystalline, pro- 
teolytic activity, Keith, Kazenko, 
and Laskowski, 227 
Blood serum, injury effect, Gjessing, 
Ludewig, and Chanutin, 551 
Valine determination, microbiological, 
Horn, Jones, and Blum, 719 
Proteolysis: Pancreas protein B, crystal- 
line, activity, Keith, Kazenko, and 
Laskowski, 227 
Pterin(s): Sulfonamide and, synergism, 
Escherichia coli, Staphylococcus au- 
reus, and Lactobacillus arabinosus, 


relation, Daniel and Norris, 747 
Synthetic, bacterial growth, effect, 
Daniel and Norris, 747 
Pteroylaspartic acid: Pteroylglutamic 
acid, relation, Hutchings, Mowat, 
Oleson, Stokstad, Boothe, Waller, 
Angier, Semb, and SubbaRow, 323 


Pteroylglutamic acid: Conjugase, inhibi- 
tion and reversal, nucleic acid- and 
sulfhydryl-combining reagents, ef- 








INDEX 


Pteroylglutamic acid—continued: 
fect, Mims, Swendseid, and Bird, 
367 
Lactobacillus arabinosus and Strepto- 
bacterium plantarum, effect, Lampen 
and Jones, 133 


Pteroylaspartic acid, relation, Hutch- 


ings, Mowat, Oleson, Stokstad, 
Boothe, Waller, Semb, and SubbaRow, 

32% 

Pyridine: Nucleotides, tissue, deter- 


mination, Robinson, Levitas, Rosen, 
and Perlzweig, 653 
Pyridoxal phosphate: Function, Wood, 
Gunsalus, and Umbreit, 313 
Pyridoxal-3-phosphate: Codecarboxylase 
relation, Gunsalus and Umbreit, 415 
Pyruvate: Metabolism, fluoroacetate ef- 


fect, Bartlett and Barron, 67 

R 
Ribonuclease: Blood cell, red, para- 
sitized, chick, activity, Miller and 
Kozloff, 105 


Ribonucleinase: Yeast nucleic acid, ac- 
tion, Schmidt, Cubiles, Swartz, and 
Thannhauser, 759 


S 


Selachyl alcohol: Baer and Fischer, 337 
Geometrical isomer, Baer and Fischer, 
337 

Soy bean: See Bean 
Sphingolipide(s): Biochemistry, Carter, 
Norris, Glick, Phillips, and Harris, 


269 
Carter, Glick, Norris, and Phillips, 
285 
Carter, Norris, and Rockwell, 295 


Sphingosine: Chemical constitution, 
Carter, Glick, Norris, and Phillips, 
285 

Dihydro-, brain and cerebrospinal cord 
cerebrosides, isolation, Carter, Nor- 
ris, Glick, Phillips, and Harris, 269 
-Related compounds, synthesis, Carter, 
Norris, and Rockwell, 295 
Staphylococcus aureus: Pterin and sul- 
fonamide synergism, relation, Daniel 
and Norris, 747 
Steroid(s): Testosterone metabolism to, 
liver effect, Clark and Kochakian, 

23 
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Streptobacterium plantarum: p-Amino- 
benzoic acid effect, Lampen and 


Jones, 133 
Pteroylglutamic acid effect, Lampen 
and Jones, 133 
Streptomycin: Blood, determination, 
chemical, Boxer and Jelinek, 491 
Cerebrospinal fluid, determination, 
chemical, Boxer and Jelinek, 491 


Sucrose: Decomposition, arsenate effect, 
Doudoroff, Barker, and Hassid, 147 
Phosphorylase, bacterial, Doudoroff, 
Barker, and Hassid, 147 
Sulfate(s): Thiocyanate sulfur conver- 
sion to, Wood, Williams, and Kings- 
land, 251 
Sulfhydryl: -Combining reagents, pter- 
oylglutamic acid conjugase effect, 
Mims, Swendseid, and Bird, 367 
Sulfonamide(s): Pterins and, synergism, 
Escherichia coli, Staphylococcus au- 
reus, and Lactobacillus arabinosus, 
relation, Daniel and Norris, 747 
Sulfur: Thiocyanate sulfate conversion, 

Wood, Williams, and Kingsland, 
251 


T 


Testosterone: cis-, testosterone metabol- 
ism, liver effect, Clark and Kocha- 


kian, 23 
Metabolism, liver effect, Clark and 
Kochakian, 23 
— to A‘-androstene-3,17, liver effect, 
Clark and Kochakian, 23 
— cis-testosterone, liver effect, 
Clark and Kochakian, 23 


Thiocyanate: Sulfur, sulfate conversion, 
Wood, Williams, and Kingsland, 


251 

Tissue (s): Metabolism, fluoroacetate ef-, 
fect, Bartlett and Barron, 67 
Phospholipides, diet relation, Artom 
and Fishman, 587 

—, dietary lactose, effect, Artom and 
Fishman, 587 


Tocopheryl phosphate: a-, cozymase de- 
gradation, effect, Spaulding and 
Graham, - 711 

Toxin(s): Immunochemistry, Pillemer, 
Toll, and Badger, 571 





Toxoid(s): Diphtheria, isolation and 
characterization, Pillemer, Toll, and 
Badger, 571 
Immunochemistry, Pillemer, Toll, and 
Badger, 571 
Transaminase(s): Aspartic-alanine, 
O’ Kane and Gunsalus, 433 
Glutamic-aspartic, resolution and puri- 
fication, O’ Kane and Gunsalus, 425 
Plant, Leonard and Burris, 701 


Tryptophan: -Niacin-deficient diets, 
growth effect, Henderson, Deodhar, 
Krehl, and Elvehjem, 261 

Urine, Berg and Rohse, 725 


Tryptophanase: Escherichia coli, reso- 
lution and purification, Wood, Gun- 
salus, and Umbreit, 313 

Tyrosine: Phenylalanine and, interrela- 
tions, chick, Grau, 661 


U 


Urine: Mannitol determination, Corcoran 
and Page, 165. 
Tryptophan, Berg and Rohkse, 725 


Vv 


Valine: Foods, determination, micro- 
biological, Horn, Jones, and Blum, 
719 

Proteins, determination, microbiologi- 
cal, Horn, Jones, and Blum, 719 
Veratrine: Aikaloids, Huebner and Ja- 
cobs, 181 
Jacobs and Huebner, 635. 
Vitamin(s): A, Carr-Price colors, tem- 
perature effect, Caldwell and Hughes, 


97 
C. See also Ascorbic acid 
H. See also Biotin 
Y 
Yeast: Metabolism, fluoroacetate effect, 
Kalnitsky and Barron, 83 


Nucleic acid, ribonucleinase action, 
Schmidt, Cubiles, Swartz, and Thann- 


hauser, 759 

Zz 
Zinc: Dehydropeptidase, effect, Yudkin 
and Fruton, 421 
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